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deflagration-to-detonation run-up distance for flowing mixtures of gasoline and air in 
15.2-cm- (6.0-in.-) diameter piping simulating a vapor recovery system, and (2) evaluate 
the quenching capability of eight selected flame control devices subjected to repeated 
stable detonations. The deflagration-to-detonation run-up distance was found to be 11.2 
m (36.7 ft), or a length-to-diameter ratio of 74. The relative roughness of the run-up 
length of piping was 0.010 to 0.015. The stable detonation downstream of the transition 
point ha3 a velocity of 1800 m/s (5906 ft/s) with a stable peak pressure of 1900 kN/m2 
(275 psia). Tliere appeared to be no discernable correlation between the initial flow 
velocity used in testing and the resulting run-up distance. Detonations were obtained 
only at equivalence ratios greater than 0.8; however, there was no correlation between 
equivalence ratio and run-~p distance for equivalence ratios ranging from 0.9 to 1 . 4 .  
The successful detonation-flame arresters were: (1) spiral-wound, crimped aluminum rib- 
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and the vertically packed bed of aluminum Ballast rings, were further optimized by a 
series of parametric tests. The final configuration of these two arresters were demon- 
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flow through the piping for periods up to 120 seconds after the initial detonation had 
been arrested. There was no indication of continuous burning or reignition occurring on 
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ABSTRACT 
An experimental  program was c a r r i e d  o u t  t o  (1) develop e m p i r i c a l  
d a t a  on t h e  deflagration-to-detonatio? run-up d i s t a n c e  f o r  f lowing 
mix tu res  o f  g a s o l i n e  and a i r  i n  15.2-CUI- (6.0-in.-) d iameter  p ip ing  
s imula t ing  a vapor recovery system, and ( 2 )  evz lua te  t h e  quenching 
c a p a b i l i t y  of  e i g h t  s e l e c t e d  flame c o n t r o l  dev ices  sub jec ted  t o  r epea ted  
s t a b l e  de tona t ions .  
The deflagration-to-detonation run-up d i s t a n c e  was found t o  be 11.2 m 
(36.7 f t ) ,  o r  a length-to-diameter r a t i o  o f  74. The r e l a t i v e  roughness 
of  t h e  run-up l e n g t h  of  p iping was 0.010 t o  0.015. The s t a b l e  de tona t ion  
downstream of  t h e  t r a n s i t i o n  po in t  had a v e l o c i t y  o f  1800 m/s (5906 f t / s )  
wi th  a s t a b l e  peak p ressure  o f  1900 k ~ / m ~  (275 p s i a ) .  There appeared 
t o  be no d i s c e r n a b l e  c o r r e l a t i o n  between t h e  i n i t i a l  f low v e l o c i t y  
used i n  t .est ing and t h e  r e s u l t i n g  run-up d i s t a n c e .  Detonat ions  were 
obta ined on ly  a t  equivalence  r a t i o s  g r e a t e r  than 0.8; however, t h e r e  
was no c o r r e l a t i o n  between equivalence  r a t i o  and run-up d i s t a n c e  f o r  
equivalence  r a t i o s  ranging from 0.9 t o  1.4. 
The s u c c e s s f u l  detonation-flame a r r e s t e r s  were: (1 )  spiral-wound, 
crimped aluminum r ibbon,  (2) foamed nickel-chrome meta l ,  ( 3 )  v e r t i c a l l y  
packed bed o f  aluminum B a l l a s t  r i n g s ,  and (4) water- t rap  o r  h y d r a u l i c  
back-pressure valve .  I n s t a l l a t i o n  c o n f i g u r a t i o n s  f o r  two o f  t h e  more 
a p p l i c a b l e  a r r e s t e r s ,  the  spiral-wound , crimped s t a i n l e s s - s t e e l  r ibbon 
and the  v e r t i c a l l y  packed bed of  aluminum B a l l a s t  r i n g s ,  were f u r t h e r  
optimized by a series o f  parametr ic  t e s t s .  The f i n a l  c o n f i g u r a t i o n  o f  
these  two a r r e s t e r s  were demonstrated wi th  repeated detonation t e s t s  
at  cond i t ions  t h a t  simulated vapor recovery system opera t ion .  On t h e s e  
t e s t s ,  t h e  combustible mixture o f  g a s o l i n e  and a i r  continued t o  flow 
through t h e  piping f o r  per iods  up t o  120 seconds a f t e r  t h e  i n i t i a l  
de tona t ion  had been a r r e s t e d .  There was no i n d i c a t i o n  o f  continuous 
burning o r  r e i g n i t i o n  occur ing on e i t h e r  s i d e  of  the  t e s t  a r r e s t e r s .  
CONTENTS 
111. TEST FACILITY DESCRIPTION .................................. 
A. GENERAL -------em------------------------------------- 
B. AIR C@fPRESSOR SYSTEM ................................ 
C. FUEL SYSTEM .......................................... 
D. FUEL VAPORIZER AND CONDENSER LOOP .................... 
E. F m L  AND AIR INDUCTION SYSTEM ........................ 
F .  DETONATION TEST PIPING ............................... 
G. HYDROGEN-AIR-SPARK IGNITOR -----------em-------------- 
I V .  INSTRUMENTATION AND CONTROLS ............................... 4-1 
C. TRANSIENT-STATE DATA ................................. 4-4 
E . PARAMETER MEASUREMENT AND CALCULATION 
UNCERTAINITIES---------------------------------------- 4-9 
V. TEST OPERATING PROCEDURES .................................. 5-1 
A. GENERAL SAFETY REQUIREMENTS .......................... 5-1  
B. OPERATING PROCEDURE CHECK L I S T S  ...................... 5-1 
1. P r e t e s t  S y s t e m  C h e c k o u t s  ............................. 5-1 
2 .  F u e l  T r a n s f e r  P r o c e d u r e s  ............................. 5-2 
3. T e s t  P r e p a r ' a t i o n s  .................................... 5-2 
4 B l o c k h o u s e  P r e p a r a t i o n  ............................... 5-3 
V I I I .  
A. P I P E  TEES AND RUPTUaE-DISC IN-LINE TEST ASSEMBLY ----- 
B. P I P E  TEE, RUPTURE-DISC NOT-IN-LINE, AND 
P I P E  ELBOW TEST ASSEMBLY --------------- - ------------ 
C. SHAND AND JURS SPIRAL-WOUND, CRIMPED 
ALUMINUM RIBBON ARRESTER TEST ASSEMBLY --------------- 
D. AMAL SPIRAL-WOUND, CRIMPED STAINLESS-STEEL 
RIBBON ARRESTER TEST ASSEMBLY ........................ 
E. WHESSOE FOAMED METAL ARRESTER TEST ASSEMBLY ---------- 
F.  WATER-TRAP ARRESTER TEST ASSEMBLY .................... 
G. VERTICAL BED OF BALLAST RINGS ARRESTER 
TEST ASSEMBLY ........................................ 
H. LINDE HYDRAULIC BACK-PRESSURE VALVE ARRESTER 
TEST ASSEMBLY 
I X .  ARRESTER EVALL.LTION TESTS USING DOWNSTREAM IGNITION--------- 9-1 
A. RSVERSAL OF TEST FACILITY PIPING ..................... 9-1 
B. LINDE HYDRAULIC BACK-PRESSURE VALVE 
ARRESTER TEST ASSEmLY ............................... 9-1 
C. WATER-TRAP ARRESTER TEST ASSFHBLY .................... 9-2 
X. CHEMICALLY PURE PROPYLENE DETONATION TESTS ----------------- 10-1  
X I .  DEFLAGHATION-TO-DETONATION TRANSITION LOCAT1011 TESTS ------- 11-1 
1 FACILITY PIPING RELATIVE ROUGHNESS DETERMINATION TESTS ----- 12-1 
X I I I .  PARAMETRIC TESTS OF DETONATION-FLAME ARRESTERS ------------- 13-1 
B. SHAND AND JURS SPIRAL-WOUND , 
CRIMPED STAINLESS-STEEL RIBBON 
ARRESTER TEST ASSEMBLIES ------.----------------------- 13-2  
C. VERTICAL BED OF ALUMINUM BALLAST RINGS 
ARRESTER TEST ASSEMBLIES 13-8  
XIV. CONTINUOUS-FLOW TESTING OF DETONATION-FLAME 
ARRESTERS .................................................. 14-1 
A. TEST FACILITY MODIFICATION ........................... 14-1 
B. VERTICAL BED OF ALUMINUM BALLAST RINGS 
ARRESTER TEST ASSEMBLY ............................... 1 4 - 4  
C. SHAND AND JURS SPIRAL-WOUND, CRIMPED 
STAINLESS-STEEL RIBBON ARRESTER 
TEST ASSEMBLY 14-5  
APPENDIXES 
A. ANALYSIS OF INSTRUMENTATION MEASUREMENT 
AND CALCULATION UNCERTAINTIES ........................ A-1 
C. TABULAR SUMMARY OF STEADY-STATE MEASURED AIR AND 
FUEL S Y S T m  TEST CONDITIONS .......................... c- 1 
D. TABULAR SUMMARY OF TRANSIENT STATE MEASURED 
FLAME VELOCITY AND PEAK-PRESSURE TEST DATA ----------- D-1 
v i i  
2-1. Hydrocarbon and Air Mixture T h e o r e t i c a l  Detonation 
Ve loc i ty  v s  Equivalence Rat io  ........................ 2-7 
2-2. Hydrocarbon and Air Mixture T h e o r e t i c a l  Detonation 
Pressure  v s  Equivalence Rat io  ........................ 2-8 
2-3. Hydrocarbon and Air Mixture T h e o r e t i c a l  Detonation 
Temperature v s  Equivalence Ra t io  ..................... 2 -9 
2 4  B-Stand F a c i l i t y ,  Edwards Test  S t a t i o n  --------------- 2-9 
3-1. Test  F a c i l i t y  Flow System Schematic Diagram with  
Ins t rumenta t ion  Locat ions  f o r  Detonation Tes t ing  ----- 3-2 
3-2. Vaporized Fuel I n j e c t o r  Manifold ..................... 3-5 
3-3. Combined Air, Fuel ,  Vaporizer,  Condenser, and 
Induc t ion  Systems on B-Stand ......................... 3-7 
3-4. Spiral-Wound, Crimped S t a i n l e s s - S t e e l ,  Ribbon 
Air-Flow S t r a i g h t e n e r  3-7 
3-5. Hydrogen-Air-Spark I g n i t e r  I n s t a l l a t i o n  -------------- 3 -8 
4-1. Typical  Example o f  Trans ien t -S ta te  Data Played 
Back on an Osci l lograph a t  an Expanded Time 
Base of 32 t o  1 ...................................... 4-6 
4-2. Hydrocarbon Gas Sample Analyzer and Air D i l u t i o n  
Flow System Schematic Diagram ........................ 4-8 
7-1 . C a l i b r a t i c n  Test  Resu l t s  f o r  Detonation Run-Up 
Distance wi th  Commercial Grade Propane and A i r  
Mixture -- Unstabl: .................................. 7-3 
7-2. C a l i b r a t i o n  Test  Resu l t s  f o r  Detonation Run-Up 
Dis tance  with Commercial Grade Propane and Air 
Mixture -- S t a b l e  .................................... 7-5 
7-3. C a l i b r a t i o n  Tes t  Resu l t s  f o r  Detonation Run-Up 
Distance wi th  Gasoline and Air Mixture --------------- 7-7 
8-1. Pipe Tees and Rupture Disc In-Line Tes t  Assembly 
Schematic Drawing .................................... 8-2 
8-2. Pipe Tee, and Rupture Disc In-Line Assembly 
Test  Resu l t s  ........................................ 8-3 
8-3. Pipe Tee, Rupture Disc Not-In-Line, and Pipe 
Elbow Test  Assembly Schematic Drawing ---------------- 8-5 
v i i i  
8-4. Pipe Tee Rupture Disc Not-In-Line, and Pipe 
Elbow Assembly Test  R e s u l t s  .......................... 
8-5. Shand and J u r s  Spiral-Wound, Crimped Aluminurr 
Ribbon Ar res te r  Assembly ............................. 
8-6. Spiral-Wound, Crimped Ribbon and Foamed Metal 
A r r e s t e r s  Assembly Schematic Drawing ------------------ 
8-7. Shand and J u r s  Spiral-Wound, Crimped Aluminum 
Ribbon Ar res te r  Assembly Test  R e s u l t s  ---------------- 
8-8. Shand and J u r s  Spiral-Wound, Crimped Aluminum 
Ribbon Ar res te r  Core P o s t t e s t  Showing Ribbon 
Separa t ion  ........................................... 
8-9. Amal Spiral-Wound, Crimped S t a i n l e s s - S t e e l  
Ribbon Ar res te r  Assembly ............................. 
8- 10. Amal Spiral-Wound, Crimped S t a i n l e s s - S t e e l  
Ribbon Ar res te r  Test  I n s t a l l a t i o n  .................... 
8- 1 1. Amal Spiral-Wound, Crimped S t a i r 1  ess -S tee l  
Ribbon Ar res te r  Assembly Tes t  Resu l t s  ---------------- 
8- 12. Whessoe Foamed Metal A r r e s t e r  Test  Assembly 
Exploded View ........................................ 
8-13. Whessoe Foamed Metal A r r e s t e r  Test  Assembly 
P o s t t e s t  Showing Damaged Core ........................ 
8- 14. Whessoe Foamed Metal A r r e s t e r  Assembly Tes t  
Resu l t s  .............................................. 
8- 15. Water-Trap A r r e s t e r  Test  Assembly Schematic 
Drawing .............................................. 
8-16. Water-Trap A r r e s t e r  Test  I n s t a l l a t i o n  ---------------- 
8-17. Water-Trap Ar res te r  Assembly Test  Resu l t s  ------------ 
8-18. V e r t i c a l  Bed of B a l l a s t  Rings Ar res te r  Test  
Assembly Schematic Drawing ........................... 
8-19. V e r t i c a l  Bed of B a l l a s t  Rings Ar res te r  Tes t  
I n s t a l l a t i o n  ......................................... 
8-20. V e r t i c a l  Bed of  B a l l a s t  Rings Ar res te r  Assembly 
Test  Resu l t s  ......................................... 
8-21. Linde Hydraulic Back-Pressure Valve A r r e s t e r  
Tes t  Assembly Schematic Drawing -----.----------------- 
8-22. Linde Hydraulic Back-Pressure Valve A r r e s t e r  
Test  I n s t a l l a t i o n  ..................................... 8-32 
8-2 3. Linde Hydraulic Bac k-Pressure Valve A r r e s t e r  
Assembly Tes t  R e s u l t s  ................................ 8-33 
9-1. F a c i l i t y  Piping Schematic Diagram f o r  Detonation 
Test ing wi th  Downstream I g n i t i o n  ..................... 9-3 
9-2. Linde Hydraulic Back-Pressure Valve A r r e s t e r  
Assembly Test  Resu l t s  wi th  Downstream I g n i t i o n  ------- 9-5 
9-3. Water-Trap Ar res te r  Assembly Test Resu l t s  wi th  
Downstream I g n i t i o n  .................................. 9 -7 
11-1. F a c i l i t y  Piping Schematic Diagram f o r  C a l i b r a t i o n  
Test ing t o  Determine Location of  Def lagra t ion- to-  
Detonation T r a n s i t i o n  ................................ 
1 1-2. Def l a g r a t i o n -  to-Detonation T r a n s i t i o n  Test  Resu l t s  
f o r  Gasol ine  and Air Mixtures a t  Se lec ted  I n i t i a l  
Flow V e l o c i t i e s  . .................................... 
11-3. Deflagration-to-Detonation T r a n s i t i o n  Tes t  
Resul ts  f o r  Gasoline and Air Mixture. a t  
Se lec ted  Equivalence Ra t ios  .......................... 
13- 1 .  Shand and J u r s  Spiral-Wound, Crimped S t a i n l e s s -  
S t e e l  Ribbon Ar res te r  Tes t  I n s t a l l a t i o n  -------------- 
13-2. Shand and J u r s  Spiral-Wound, Crimped S t a i n l e s s -  
S t e e l  Ribbon Ar res te r  Assembly Test  R e s u l t s ,  
Size:  30.5-cm Diameter by 15.2-cm Length ------------ 
13-3. Spiral-Wound, Crimped S t a i n l e s s - S t e e l  Ribbon 
Core Element, 30.5-cm Diameter by 15.2-cm Lengt!: , 
p o s t t e s t  
13-4. Shand and J u r s  Spiral-Wound, Crimped S t a i n l e s s -  
S t e e l  Ribbon Ar res te r  Assembly Test R e s u l t s ,  
30.5-cm Diameter by 20.3-cm Length ------------------- 
13-5. Shand and J u r s  Spiral-Wound, Crimped S t a i n l e s s -  
S t e e l  Ribbon Ar res te r  Assembly Test  Resu l t s ,  
30.5-cm Diameter by 30.5-cm Length ------------------- 
13-6. Shand and J u r s  Spiral-Wound, Crimped S t a i n l e s s -  
S t e e l  Ribbon A r r e s t e r  Core Length Versus 
Downstream Peak-Pressure Pulse  ....................... 
13-7. Shand and J u r s  Spiral-Wound, Crimped S t a i n l e s s -  
S t e e l  Ribbon A r r e s t e r  Test  Assembly with D i r t c t  
Connect I n l e t  Schematic Drawin6 ...................... 
Shand and Jurs Spiral-Wound , Crimped Stainless- 
Steel Ribbon Arrester Test Ins ta l la t ion w i t h  
Direct Connect In le t  ................................. 
Shand and Jurs Spiral-Wound, Crimped Stainless- 
Steel  Ribbon Arrester Assembly Test Results, 
30.5-cm Diameter by 20.3-cm Length, 
Direct Connect In le t  ................................. 
Spiral-Wound , Crimped Stainless-Steel Ribbon Core 
Element, 30.5-cm Diameter by 20.3-cm Length, 
posttest  Upstream Side ............................... 
Spiral-Wound, Crimped Stainless-Steel Ribbon Core 
Element, 30.5-cm Diameter by 20.3-cm Length, 
Posttest Downstream Side ............................. 
Spiral-Wound, Crimped Ribbon Arrester Mounting 
Ring, Posttest Downstream Side Showing Deformation 
of Retainer G r i d  ..................................... 
Aluminum Ballast Rings, Three Sizes ------------------ 
Stacked Assembly of Support G r i d  Rings Covered 
w i t h  Heavy Wire Mesh and Bed Depth Spacers ----------- 
Stacked Assembly of Support Grid Rings Covered 
w i t h  Heavy Wire Mesh, Bed Diameter Inser t  
Vertical Bed of Ballast Rings Arrester Assembly 
Parameter Test Results, Bed Size: 43.2-cm 
Diameter by 63.5-crc Depth, Ring Size: 2.54-cm 
Diameter by 2.54-cm Length ........................... 
Vertical Bed of Ballast Rings Arrester Assembiy 
Parametric Test Results, Bed Size: 43 -2-cm 
Diameter by 45.7-cm Depth, Ring Size: 2.54-cm 
Diameter by 2.54-cm Length ----------------..----------- 
Vertical Bed of Ballast Rings Arrester Assembly 
Parametyic Test Results, Bed Size: 43.2-cm 
Diameter by 22.9-cm Depth, Ring Size: 2.54-cm 
Diameter by 2.54-cm Length ........................... 
Posttest Compacted Bed of Aluminum Ballast Rings ----- 
Vertical Bed of Ballast Rings Arrester Assembly 
Parametric Test Results, Bed Size: 43.2-cm 
Diameter by 63.5-cm Depth, Ring Size: 3.81-cm 
Diameter by  3-61 -cm Length ........................... 
13-21. Vert ical  Bed of Bal last  Rings Arrester  Assembly 
Parametric Test Results,  Bed Size: 43.2-cm 
Diameter by 63.5-om Depth, Ring Size: 5.08-cm 
Diameter by 5 .08-a  Length ........................... 13-31 
13-22. Pre tes t  Packed Bed of hluminum Bal las t  Rings 
Around the 33.70- Diameter Cylindiaal I n s e r t  -------- 13-33 
13-23 Ver t ica l  Bed of Bal las t  Rings Arrester Assembly 
Parametric Test Results,  Bed Size: 33.7-cm 
Diameter by 63.5-cm Depth, Ring Size: 2.54-co! 
Diameter by 2.54-cm Length --. ......................... 13-35 
13-24. Vert ical  Bed of Bal last  Rings Arrester Test 
Assembly Parametric Test Results,  Bed Size: 
30*5-cm Diameter by 63.5-cm Depth, Ring Size:  
2.54-cm Diameter by 2.54-cm Length ------------------- 13-37 
13-25. Vert ical  Bed of Bal last  Ric2s Arrester Test 
Assembly Parametric Test Results,  Bed Size : 
25.4-cm Diameter by 63.5-cm Depth, Ring Size: 
2.54-cm Diameter by 2.54-cm Length ------------------- 13-39 
13-26. Vert ical  Bed of Bal last  Rings Arrester Test 
Assembly Parametric Test Results,  Bed Size: 
25.4-cm Diameter by s5.7-cm Depth, Ring Size: 
2.54-cm Diameter by 2.54-cm Length ------------------- 13-41 
14-1. Shand and J u r s  Spiral-Wound, Crimped Aluminum 
Ribbon Arrester Assembly Ins t a l l ed  i n  the I n l e t  
Flow Straightener  Location, Size: 25.4-cm 
Diameter by 15.2-cm Length ........................... i4-2 
14-2. Fac i l i t y  Piping Schematic Diagram fo r  Detonation- 
Flame Arrester Evaluation with Continuous Flow 
Testing ----------..----------------------------------- 14-3 
14-3. Fac i l i t y  Piping Assembly with the 13.4-m-Long 
Extension Sections Ins t a l l ed  -----.-------------------.- 14-4 
14-4. V e r t i c d  Bed of Bal las t  Rings Arrester Assemb3.y 
Continuous Flow Test Results ......................... 14-7 
14-5. Shand and Jurs  Spiral-Wound, Crimped Sta in less -  
S tee l  Ribbon Arrester Assembly Continuous Flow 
Test Results ......................................... 14-9 
A-1. Typical Strain-Gage-Type Instrumentation Channel ----- A-2 
A-2. Typical Thermocoup:::-Type Tnstrumentation Chaw-el ----- A-5 
A-3. Typical Turbine Flowmeter Instrumentation Channel ----- A-9 
x i i  
A-5. Typical  Quartz-Piezoelec tric Type o f  Instrumenta- 
t i o n  Channel From Sensed Parameter t o  Recorder ------- A-12 
A-6. Typical  Quar tz  P i e z o e l e c t r i c  Type o f  I n s t r u m t a -  
t i o n  Channel That Limits  Rise-Time Response ---------- A-15 
A-7. Typical  Photodetector  Type Ins t rumenta t ion  Channel --- A-18 
Tables 
1-1. Summary o f  Tes t  Resu l t s  f o r  Detonation-?lame 
Arrester Assemblies .................................. 1-3 
1-2. Summary o f  karametr lc  Tes t  Resu l t s  f o r  t h e  Shand 
and J u r s  Spiral-Wound, Crimped S t a i n l e s s - S t e e l  
Ribbon -qmrester Assemblies ........................... 1 -8 
1-3. Sumrmary o f  Parametric Tes t  Resu l t s  f o r  t h e  
V e r t i c a l  Bed of  Alminum B a l l a s t  Rings A r r e s t e r  
Assemblies ........................................ 1-9 
1-4. Summary of Continuous-Flow Test  Resu l t s  f o r  
Two Detonation-Flame Arrester Assemblies ------------- 1-12 
2-1. Detonation Have and Ref lec ted Shock P r o p e r t i e s  
f o r  Hydrocarbon and A i r  !4ixturesa .................... 2- 10 
3-1. Symbols and Descr ip t ion f o r  Flow System 
S c h m z t i c  Diagram .................................... 3-3 
4-1. Ins t rumenta t ion and Calcula ted  Tes t  Parameter 
Nomenclature 4-2 
4-2. Maximum Uncer ta in ty  f o r  Measured and Caicula ted  
Parameters at  the  Standard Test  Conditior, ------------ 4-12 
x i i i  
SECTION I 
SUMMARY 
An experimental  program was conducted t o  g a t h e r  empi r i ca l  d a t a  on 
t h e  de tona t ion  o f  combustible mixtures  of g a s o l i n e  and air  flowing i n  a 
15.2-an- (6.0-in .- 1 diameter simulated vapor recovery piping system, and 
to eva lua te  f lame c o n t r o l  d e v i c e s  capable  o f  a r r e s t i n g  t h e  detonat ion.  
A s p e c i a l  t e s t  f a c i l i t y  had to be assembled i n  a s u i t a b l e  l o c a t i o n  to 
conduct these  p o t e n t i a l l y  hazardous experiments. F a c i l i t y  check-out tests 
were performed to develop r e l i a b l e  methods o f  genera t ing  s t a b l e  d e t o n a t i o n s  
and t o  v e r i f y  t h e  o p e r a t i o n  o f  dynamic ins t rumenta t ion  used t o  measure f lame 
v e l o c i t i e s  and peak-press .~re  pulses .  A s e r i e s  o f  c a l i b r a t i o n  t e s t s ,  using 
both propane/a i r  mixtures  and g a s o l i n e / a i r  mixtures ,  were made t o  determine 
the  run-up d i s t a n c e  to d e t o n a t i o n ,  t h e  f lame v e l o c i t y  and peak-pressure 
pulse  i n  both the  t r a n s i t i o n  and s t a b l e  s t a g e s  o f  de tona t ion ,  and t h e  pres- 
s u r e  buildup r e s u l t i n g  from r e f l e c t e d  de tona t ion  shock waves. These t e s t s  
were then followed by t h e  experimental  eva lua t ion  o f  e i g h t  s e l e c t e d  flame 
a r r e s t e r  test assembl ies  to  demonstrate t h e i r  opera t ing  c h a r a c t e r i s t i c s ;  
these  c h a r a c t e r i s t i c s  included p ressure  drop,  flame quenching c a p a b i l i t y ,  
and s t r u c t u r a l  d u r a b i l i t y  be fo re  and a f t e r  repeated exposures t o  s t a b l e  
de tona t ions .  Two of  t h e  more success fu l  flame a r r e s t e r  c o n f i g u r a t i o n s  
were f u r t h e r  evaluated with a s e r i e s  of  parametr ic  t e s t s  designed t o  reduce 
t h e  l e v e l  o f  the  peak-pressure pulse  passing through t h e  dev ice  a f t e r  
t h e  de tona t ion  had been a r r e s t e  - , and t o  opt imize  the  o v e r a l l  s i z e  o f  t h e  
arrester c o n f i g ~ r a t i o n .  A f i n a l  s e r i e s  o f  t e s t s  were made t o  democst ra te  
t h e  a b i l i t y  o f  t h e s e  optimized conf igura t ions  t o  arrest a de tona t ion  i n  
simulated vapor recovery system piping under t h e  cond i t ion  where t h e  
combustible mixture  o f  g a s o l i n e  and air continued t o  f low through t h e  
system f o r  per iods  up t o  120 seconds a f t e r  t h e  i n i t i a l  de f l agra t ion-  
to-detonat ion t r a n s i t i o n  had occurred.  
The f a c i l i t y  check-out t e s t s  using propane and a i r  mixtures  revealed 
t h a t  flame a c c e l e r a t i o n  up t o  de tona t ion  t r a n s i t i o n  could not  be achieved 
i n  the  smooth-bored shock-tube piping a t  t h e  maximum a v a i l a b l e  run-up d i s -  
t ance  o f  31.5 m (103.5 f t ) .  However, s t a b l e  de tona t ions  were obta ined 
a f t e r  expanded metal  tube  l i n e r s  were i n s e r t e d  if i to s e v e r a l  l e n g t h s  o f  run- 
up piping t o  c r e a t e  turbulence  i n  the combustion process .  Flame propagating 
v e l o c i t i e s  were determined using pho tomul t ip l i e r  tube  o p t i c a l  flame sen- 
s o r s .  Peak-sressure pulse l e v e l s  i n  t h e  de tona t ion  wave were measured 
using q u a r t z  p i e z o e l e c t r i c  t r ansducers .  A l l  dynamic d a t a  were recorded 
on FM t a p e s  and analyzed using playbacks on o s c i l l o g r a p h  r e c o r d e r s  a t  an 
expanded time base.  
C a l i b r a t i o n  t e s t s  with both propane/a i r  and g a s o l i n e / a i r  mixtures  
determined t h a t  13.7 m (45 f t )  o f  turbulence-inducing l i n e r s  were requ i red  
t o  produce repea tab le  s t a b l e  de tona t ions  i n  the  combustion process .  Ad- 
d i t i o n a l  c a l i b r a t i o n  t e s t s ,  using g a s o l i n e  and a i r  mixtures  i n  a modified 
t e s t  conf igura t ion  t h a t  included flame sensing ins t rumenta t ion  i n  t h e  l i n e d  
s e c t i o n s ,  showed t h a t  the  run-up d i s t a n c e  t o  detonat ior ,  was 11.2 n (36.7 f t )  , 
o r  an L/D o f  74 f o r  the  15.2-cm- (6.0-in.-) diameter pipe aystem. These 
r e s u l t s  g a n e r a l l y  held t r u e  f o r  equivalence r a t i o s  ranging from 0.9 t o  
1 .4  and i n i t i a l  flow v e l o c i t i e s  from 0 t o  6.1 m/s (0 t o  20 f t / s )  . The 
flame v e l o c i t y  i n  a s t a b l e  de tona t ion  was measured a t  1830 m / s  (6000 f t / s ) ,  
and the  peak-pressure l e v e l  a t  1630 kN/mZ (235 p s i a ) .  During the  de- 
flagration-to-detonation t r a n s i t i o n ,  flame v e l o c i t i e s  were measured up 
t o  2700 m/s (8858 f t / s )  , and peak p r e s s u r e s  exceeded 4000 kN/m2 (580 p s i a )  . 
The peak p r e s s u r e  measured i n  a r e f l e c t e d  de tona t ion  wave 30 cm ( 12 i n .  
from t h e  r e f l e c t i n g  s u r f a c e  was 3300 k ~ / m ~  (479 p s i a ) ,  o r  about twice 
t h e  l e v e l  in t h e  approaching wave. 
A series o f  air-f low-only c a l i b r a t i o n  tests were made t o  measure 
p ressure  drop through t h e  l i n e d  and unl ined piping.  This  p ressure  
l o s s  was used to determine t h e  i n t e r n a l  wal l  Darcy f r i c t i o n  f a c t o r  
( f )  and t h e  r e l a t i v e  roughness (r /Dl. For t h e  l i n e d  p ip ing ,  t h e  f r i c t i o n  
f a c t o r  ranged from 0.040 to  0.047 and t h e  r e l a t i v e  roughness from 0.010 
t o  0.015. This  r e l a t i v e  roughness is approximately equ iva len t  t o  t h a t  
o f  commercial r i v e t e d  s t e e l  pipe.  The unl ined shock-tube piping had 
a f r i c t i o n  f a c t o r  around 0.020 and a r e l a t i v e  roughness l e s s  than 10'~. 
*ich is lower than any commercial smooth piping.  
The flame c o n t r o l  dev ices  exper imenta l ly  evaluated f o r  a r r e s t i n g  
d e t o n a t i o n s  i n  s imulated vapor recovery system piping cons i s t ed  o f  two 
arrangements o f  s tandard high-pressure p ipe  f i t t i n g s  wi th  rup tu re -d i sc  
assembl ies ,  four  commercially manufactured flame a r r e s t e r s  o r  prototype 
models, and two JPL-manufactured a r r e s t e r  assembl ies .  A l l  o f  t h e s e  de- 
v i c e s  were sub jec ted  t o  a s e r i e s  o f  s t a b l e  de tona t ions  r e s u l t i n g  from the  
i g n i t i o r  o f  a flowing combustible mixture  of g a s o l i n e  and air. A s tandard  
cond i t ion  f o r  each repeated test f i r i n g  was e s t a b l i s h e d  a t  an equivalence  
r a t i o  o f  1.1 (a i r - to -gaso l ine  weight r a t i o  of  13.31, and an i n i t i a l  f low 
v e l o c i t y  o f  4.6 m/s (15 f t / s ) .  Depending on ambient c o n d i t i o n s ,  t h e  
mixture  temperature j u s t  be fo re  i g n i t i o n  ranged from 30 t o  60°c (86 t o  
150°F). P ressure  l e v e l  i n  the  p iping system was j u s t  s l i g h t l y  above 
ambient, as determined by t h e  a r r e s t e r  p ressure  drop. The r e s u l t s  o f  
these  t e s t  f i r i n g s  using an upstream i g n i t i o n  l o c a t i o n  a r e  t abu la ted  i n  
Table 1-1 and b r i e f l y  summarized a s  fo l laws:  
( 1 ) The pipe- t e e  and rupture-disc  i n - l i n e  t e s t  assembly sus ta ined  
four  de tona t ions .  Both r u p t u r e  d i s c s  were blown o u t ,  b u t  
t h e r e  was no phys ica l  damage. The de tona t ion  passed throv.igh 
the  device  i n  every t e s t  with very  l i t t l e  r educ t ion  i n  flame 
v e l o c i t y  and peak p ressure .  Pre- and p o s t t e s t  p ressure  l o s s  
average was 0.20 kN/m2 (0.029 ps id )  . 
( 2 )  The pipe t e e ,  rupture-disc  not- in- l ine ,  and pipe-elbow test 
assembly sus ta ined  four  de tona t ions .  The r u p t u r e  d i s c  was 
blown o u t  i n  each t e s t ,  but  t h e r e  was no physical  damage. The 
de tona t ion  passed through the  device  i n  every t e s t  with an 
i n t e r m i t t e n t  moderate l o s s  of f lame v e l o c i t y  and peak r e s s u r e .  
Pre- and p o s t t e s t  p ressure  l o s s  average was 0.214 kN/m g 
(0.031 p s i d ) .  
( 3 )  The Shand and J u r s  spiral-wound, crimped a luminm ribbon 
a r r e s t e r  t e s t  assembly sus ta ined  n ine  de tona t ions  without 
s e r i o u s  damage. The de tona t ion  d i d  not  pass through t h e  
a r r e s t e r .  Pre- and p o s t t e s t  p ressure  l o s s  averaged 0.152 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(4 )  The Amal spiral-wound, crimped s t a i n l e s s - s t e e l  r ibbon a r r e s t e r  
t e s t  assembly sus ta ined  four  de tona t ions  wi thout  any v i s i b l e  
damage. The de tona t ion  was a r r e s t e d  in t h e  f i r s t  f i r i n g ,  
bu t  passed through in t h e  o t h e r  t h r e e .  Pre- and p o s t t e s t  
p r e s s u r e  l o s s  averaged 0.428 k ~ / m ~  (0.062 p s i d )  . 
The Whessoe foamed metal  a r r e s t e r  test assembly using t h e  80- 
grade Retimet nickel-chrome a l l o y  core  element sus ta ined  t h r e e  
de tona t ions .  The de tona t ion  was stopped f o r  a l l  t h r e e  tests, 
but t h e  c o r e  element f r a c t u r e d  dur ing  t h e  l a s t  t e s t .  Pre- 
and o s t t e s t  p ressure  l o s s  be fo re  f a i l u r e  averaged 0.241 4 kN/m (0.035 p s i d )  . One a d d i t i o n a l  t e s t  f i r i n g  wi th  a 
45-grade Retimet nickel-chrome a l l o y  core  element f a i l e d  
t o  s t o p  t h e  de tona t ion .  
( 6 )  The water- t rap  a r r e s t e r  t e s t  assembly sus ta ined  s i x  detona- 
t i o n s  without damage, but  d id  d i s p l a y  a measurable l o s s  i n  
water volume due p r imar i ly  t o  evaporat ion.  The de tona t ion  
d i d  no t  pass  through t h e  a r r e s t e r  as long a s  it conta ined 
water a t  o r  near t h e  prescr ibed l e v e l .  Pre- and p o s t t e s t  
p ressure  l o s s  averaged 1.655 k ~ / m ~  (0.240 p s i d )  . 
(7)  The v e r t i c a l  bed o f  t h e  B a l l a s t  r i n g s  arrester test assembly 
sus ta ined  f i v e  de tona t ions  with on ly  minor d i s t o r t i o n  o f  t h e  
r i n g s  caused by bed compacting. The de tona t ion  d i d  not  pass  
through t h e  a r r e s t e r .  Pre- and p o s t t e s t  p ressure  l o s s  aver- 
aged 0.048 k~ /m* (0.007 ps id )  . 
(8) The Linde hydrau l i c  back-pressure v a l v e  a r r e s t e r  t e a t  assembly 
sus ta ined  t e n  de tona t ions  wi thout  damage, bu t  l i k e  t h e  water  
t r a p ,  it d id  d i s p l a y  a measurable l o s s  i n  water volume due 
p r imar i ly  t o  evaporat ion.  The de tona t ion  was stopped f o r  s i x  
t e s t  f i r i n g s  where the  water l e v e l  was a t  o r  near t h e  p resc r ibed  
l e v e l  and was stopped f o r  one t e s t  f i r i n g  where t h e r e  was on ly  
a small amount o f  water remaining i n  the  a r r e s t e r .  The 
de tona t ion  was not  stopped f o r  t h r e e  t e s t  f i r i n g s  wi th  
a d ry  a r r e s t e r .  Pre- and p o s t t e s t  p ressure  l o s s  averaged 
2.027 k ~ / m ~  (0.294 p s i d ) .  
Two of  t h e  a r r e s t e r  t e s t  assembl ies  were evaluated using a downstream 
i g n i t i o n  conf igura t ion .  The maximum i n i t i a l  f low v e l o c i t y  was l i m i t e d  t o  
1.5 m / s  (5 .0  f t / s )  because of  t h e  d i f f i c u l t y  i n  g e t t i n g  the  flame t o  pro- 
pagate back upstream a g a i n s t  the  flowing g a s o l i n e  and a i r  mixture .  The 
r e s u l t s  of  these  t e s t  f i r i n g s  a r e  t abu la ted  i n  Table 1-1 and b r i e f l y  summarized 
as follows : 
( 1 ) The Linde hydrau l i c  back-pressure va lve  a r r e s t e r  t e s t  assembly 
sus ta ined  s i x  more de tona t ions  wi thout  damage. Some water was 
l o s t  due t o  evapora t ion ,  but  an a d d i t i o n a l  q u a n t i t y  was d i s -  
placed upstream by the  f o r c e  o f  t h e  de tona t ion  wave. The 
de tona t ion  was stopped f o r  al l  s i x  t e s t  f i r i n g s .  Pre- and 
p o s t t e s t  p ressure  l o s s  averaged 1.92 k ~ / m ~  (0.278 ps id )  . 
( 2 )  The w a t e r - t r a p  a r r e s t e r  test assembly  s u s t a i n e d  f i v e  more 
d e t o n a t i o n s  w i thou t  damage. The d e t o n a t i o n  was s topped  f o r  
e v e r y  test f i r i n g .  Some wa te r  was l o s t  from t h e  arrester 
due t o  evapora t ion .  However, no l i q u i d  appeared  t o  be  d i s -  
p l aced  by t h e  incoming d e t o n a t i o n  wave. Pre- and p o s t t e s t  
p r e s s u r e  l o s s  ave rage  was 1.393 k ~ / m ~  (0.202 p s i d )  . 
The two a r r e s t e r  a s s e m b l i e s  s e l e c t e d  f o r  p a r a m e t r i c  t r , s t i n g  were ( 1 )  
t h e  Shand and J u r s  spiral-wound,  crimped s t a i n l e s s - s t e e l  r i b b o n  a r r e s t e r  
and ( 2 )  t h e  v e r t i c a l  bed o f  aluminum B a l l a s t  r i n g s  arrester. The Shand 
and J u r s  arresters a l l  had t h e  same r ibbon  cr imp h e i g h t  and s a n e  c o r e  
d i ame te r ,  b u t  t h r e e  d i f f e r e n t  c o r e  l e n g t h s .  Both an i n d i r e c t  and a d i r e c t  
' llet p ipe  c o n f i g u r a t i o n  wi th  r u p t u r e - d i s c  assembly were used. With t h e  
llrect i n l e t  i n s t a l l e d ,  t h e  r u p t u r e - d i s c  p r e s s u r e  r a t i n g  was i n c r e a s e d  i n  
f o u r  s t e p s  t o  a  blanked-off  c o n d i t i o n .  The v e r t i c a l  bed o f  r i n g s  arrester 
was t e s t e d  wi th  f o u r  d e c r e a s i n g  bed d i a m e t e r s ,  t h r e e  d e c r e a s i n g  bed l e n g t h s ,  
and t h r e e  i n c r e a s i n g  s i z e s  o f  aluminum B a l l a s t  r i n g s .  The i n l e t  p i p e  
c o n f i g u r a t i o n  was n o t  v a r i e d ,  b u t  t h e  i n l e t  r u p t u r e - d i s c  p r e s s u r e  r a t i n g  
was i n c r e a s e d  i n  f o u r  s t e p s  up t o  a blanked-off  c o n d i t i o n .  A l l  of t h e  
pa rame t r i c  a r r e s t e r  c o n f i g u r a t i o n s  were s u b j e c t e d  t o  a  s e r i e s  o f  s t a b l e  
d e t o n a t i o n s  developed i n  a  f l owing  mix tu re  o f  g a s o l i n e  and a i r  a t  t h e  
same s t a n d a r d  test c o n d i t i o n  e s t a b l i s h e d  f o r  t h e  p reced ing  s c r e m i n g  
t e s t s .  The r e s u l t s  o f  t h e  pa rame t r i c  t e s t i n g  are t a b u l a t e d  i n  T a b l e s  
1-2 and 1-3, and b r i e f l y  summarized a s  fo l l ows :  
( 1 )  The 15.2-cm- (6-in.-) l ong  s t a i n l e s s - s t e e l  Shand and J u r s  
a r r e s t e r  c o n f i g u r a t i o n ,  w i th  t h e  i n d i r e c t  i n l e t  p i p i n g  and a 
690-kN/m2 (100-psid)  r u p t u r e  d i s c ,  a r r e s t e d  f o u r  d e t o n a t i o n s .  
On t h e  f i f t h  test ,  t h e  d e t o n a t i o n  passed through t h e  a r r e s t e r .  
P o s t t e s t  i n s p e c t i o n  r e v e a l e d  a  small s e p a r a t i o n  i n  t h e  cr imped 
r i b b o n  winding. Pre- and p o s t t e s t  p r e s s u r e  l o s s  averaged  
0.15 1 kN/m2 (0.022 p s i d )  . Downstream p r e s s u r e  p u l s e  measure- 
ments  averaged 344 k ~ / m ~  (49.9 p s i a )  . 
( 2 )  The 20.3-cm-(&in.-) l ong  s t a i n l e s s - s t e e l  Shand and J u r s  a r r e s t e r  
c o n f i g u r a t i o n ,  w i th  t h e  i n d i r e c t  i n l e t  p i p i n g  and a 690-kN/m* 
(100-ps id)  r u p t u r e  d i s c ,  a r r e s t e d  s i x  d e t o n a t i o n s .  Pre- and 
p o s t t e s t  p r e s s u r e  l o s s  averaged 0.152 kN/m2 (0.022 p s i d  ) . Down- 
s t r eam p r e s s u r e  p u l s e  measurements averaged  320 kN/m2 (46.4 p s i a )  , 
o r  7% lower t h a n  t h e  15.2-cm- (6- in . - )  l ong  c o r e  e lement .  
( 3 )  The 30.5-cm- ( 12-in.-) l o n g  s t a i n l e s s - s t e e l  Shand and J u r s  a r r e s t e r  
c o n f i g u r a t i o n ,  w i th  t h e  i n d i r e c t  p i p i n g  and a 6 9 0 - k ~ / m ~  (100- 
p s i d )  r u p t u r e  d i s c ,  a r r e s t e d  s i x  d e t o n a t i o n s .  Pre-and p o s t t e s t  
p r e s s u r e  l o s s  averaged  0.230 kN/m2 (0 .033  p s i d )  . Downstream 
p r e s s u r e  p u l s e  measurements ave raged  260 k ~ / m ~  ( 37.7 p s i a )  , 
o r  25% lower  t han  t h e  15.2-cm-(6-in.-) l o n g  c o r e  e lement .  
( 4 )  The 20.3-cm- ( b i n  .-) l ong  s t a i n l e s s - s t e e l  Shand and J u r s  a r r e s t e r  
c o n f i g u r a t i o n ,  w i th  t h e  d i r e c t  i n l e t  p i p i n g  and r u p t u r e  
d i s c  assembly,  a r r e s t e d  s i x  more d e t o n a t i o n s .  During t h e  
first t h r e e  t e s t s ,  t h e  i n l e t  r u p t u r e - d i s c  p r e s s u r e  r a t i n g  
was i n c r e a s e d  i n  s t e p s  through 690,  2068, and 4137 k ~ / r n ~  
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r u p t u r e - d i s c  assembly  was b lanked-of f .  T h i s  v a r i a t i o n  i n  
r u p t u r e - d i s c  p r e s s u r e  r a t i n g  made l i t t l e  d i f f e r e n c e  i n  t h e  
downstream p r e s s u r e  p u l s e  measurements,  which ave raged  324 
k ~ / m ~  (47 .0  p s i a ) ,  or abou t  t h e  same l e v e l  as t h a t  o b t a i n e d  
w i t h  t h e  i n d i r e c t  i n l e t  p i p i n g .  Pre- and p o s t t e s t  p r e s s u r e  
loss on t h e s e  tests ave raged  0.138 k ~ / m ~  (0.020 p s i d )  . 
( 5 )  Three  v e r t i c a l  bed arrester  c o n f i g u r a t i o n s ,  w i t h  a f u l l - s i z e  
bed d i ame te r  of 43.2 cm (17  i n . ) ,  and d e c r e a s i n g  bed d e p t h s  o f  
63 .5  cm ( 2 5  i n . ) ,  45.7 cm (18  i n . ) ,  and 22.9 cm ( 9  i n . )  packed 
w i t h  2.54-cm- (1.0- in.-)  size aluminum B a l l a s t  r i n g s ,  were each  
s u b j e c t e d  t o  s i x  s t a b l e  d e t o n a t i o n s .  The two l o n g e r  bed 
c o n f i g u r a t i o n s  a r r e s t e d  a l l  s i x  d e t o n a t i o n s .  The s h o r t e s t  bed 
c o n f i g u r a t i o n  a r r e s t e d  f o u r  d e t o n h t i o n s ,  b u t  t h e n  a l l owed  two 
t o  p a s s  th rough.  P o s t t e s t  i n s p e c t i o n s  o f  t h i s  arrester 
showed some ev idence  o f  c h a n n e l i n g  t h rough  t h e  compacted bed 
o f  r i n g s .  Pre- and p o s t t e s t  averaged  p r e s s u r e  l o s s  dropped 
s l i g h t l y  from 0.075 t o  0.052 kN/m2 (0.01 1  t o  0.007 p s i d )  w i t h  
t he  d e c r e a s e  i n  bed dep th .  The averaged  downstream p r e s s u r e  
p u l s e  f o r  an  a r r e s t e d  d e t o n a t i o n  i n c r e a s e d  from 181 t o  236 
kN/m2 (26 .3  t o  34.2 p s i a )  w i t h  t h e  d e c r e a s e  i n  bed dep th .  
( 6 )  Two f u l l - s i z e  v e r t i c a l  bed a r r e s t e r s  hav ing  a  43.2-cm- (17- in . - )  
d i ame te r  by 63.5-cm- (25- in . - )  dep th  bed,  one packed w i t h  3.81- 
cm- (1 .5- in . - )  s i z e  aluminum Ballast r i r l g s  and t h e  o t h e r  w i th  
5.08-cm- ( 2 . 0  i n . - )  s i z e  aluminum B a l l a s t  r i n g s ,  were t e s t e d .  
The c o n f i g u r a t i o n  w i th  t h e  3.81-cm- (1 .5- in . - )  s i z e  r i n g s  
a r r e s t e d  two d e t o n a t i o n s  and then  a l lowed two t o  p a s s  th rough.  
The c o n f i g u r a t i o n  w i t h  t h e  5.08-cm- (2 .0- in . - )  s i z e  r i n g s  
a r r e s t e d  on ly  one d e t o n a t i o n  b e f o r e  a l l o w i n g  two t o  p a s s  
th rough.  P o s t t e s t  i c s p e c t i o n  r e v e a l e d  c o n s i d e r a b l e  
d i s t o r t i o n  o f  t h e s e  e n l a r g e d - s i z e  B a l l a s t  r i n g s  from t h e  
d e t o n a t i o n  impacts .  Pre- and p o s t t e s t  averaged  p r e s s u r e  l o s s  
dec rea sed  s l i g h t l y  w i t h  t h e  e n l a r g e d  r i n g  s i z e s  o f  0.067 and 
0.056 kN/m2 (0.010 and 0.008 p s i d )  . Averaged downstream 
p r e z s u r e  p u l s e  f o r  an  a r r e s t e d  d e t o n a t i o n  i n c r e a s e d  t o  29C and 
304 kN/m2 (42 .1  and 44.1 p s i a ) .  
Three v e r t i c a l  bed a r r e s t e r  c o n f i g u r a t i o n s ,  w i t h  a  f u l l - s i z e  
bed dep th  o f  63 .5  cm (25  i n . )  and d e c r e a s i n g  bed d i a m e t e r s  o f  
33.7 cm (13 .3  i n . ) ,  30.5 cm (12  i n . ) ,  and 25.4 cm (10  i n . )  packed 
w i th  2.54-cm- (1 .0- in  .-) s ize  aluminum B a l l a s t  r i n g s ,  were each  
s u b j e c t e d  t o  s i x  o r  more s t a b l e  d e t o n a t i o n s .  A l l  t h r e e  con f igu ra -  
t i o n s  a r r e s t e d  t h e  d e t o n a t i o n s .  P o s t t e s t  i n s p e c t i o n s  showed 
abou t  30% compaction o f  t h e  beds due t o  d i s t o r t i o n  of  t h e  r i n g s .  
Pre- and p o s t t e s t  averaged  p r e s s u r e  l o s s  i n c r e a s e d  w i th  each  
succeed ing  s m a l l e r  bed d i a m e t e r .  The 25.4-cm- (10- in . - )  d i a m e t e r  
bed p r e s s u r e  l o s s  was 0.278 kN/m2 (0.040 p s i d )  , which is  abou t  
f o u r  t imes  h i g h e r  t han  t h e  0 . 0 7 5 - k ~ / m ~ -  (0.01 1  -ps id- )  l o s s  f o r  
t h e  f u l l  s i z e  43.2-cm- (17- in . - )  d i a m e t e r  bed. The averaged  
downstream p r e s s u r e  p u l s e  dec rea sed  from 181 kN/m2 ( 2 6 . 3  p s i a )  
f o r  t he  f u l l - d i a m e t e r  bed t o  132 kN/m2 (19 .1  p s i a )  f o r  t h e  s m a l l e s t  
25.4-cm- (10- in . - )  d i ame te r  bed. 
( 8 )  The 25.4-cm- ( 10-in.-! d i ame te r  v e r t i c a l  bed a r r e s t e r  packed 
w i t h  2.54-cm- (1.0-in.-! s i z e  al iminum B a l l a s t  r i n g s  t o  a reduced  
bed d e p t h  o f  45.7 cm (18  i n .  ) a r r r  f e d  s i x  more d e t o n a t i o n s .  
During t h e  first t h r e e  t e s t s ,  t h e  tilet p i p i n g  r u p t u r e - d i s c  
p r e s s u r e  r a t i n g  was i n c r e a s e d  i n  :3teps t h rough  690,  2068, and 
4137 kN/m2 (100 ,  300, and 600 p e i d ) .  On t h e  last t h r e e  tests, 
t h e  r u p t u r e - d i s c  assembly  was b lanked-of f .  The averaged  
downstream p r e s s u r e  p u l s e  f o r  t h e  t h r e e  t e s t  f i r i n g s  w i t h  
r u p t u r e  d i s c s  i n s t a l l e d  was around 141 kN/m2 (20 .4  p s i a )  . 
When t h e  r u p t u r e - d i s c  assembly was b lanked-of f ,  t h e  averaged  
downstream p r e s s u r e  p u l s e  i n c r e a s e d  s l i g h t l y  to  164 k ~ / r n ~  
(23.8 p s i a ) .  Pre- and p o s t t e s t  averaged  p r e s s u r e  l o s s  
measurements i n c r e a s e d  from 0.162 k ~ / m ~  (0.023 p s i d )  a f t e r  t h e  
first d e t o n a t i o n  t o  0.220 k ~ / m ~  (0 .032)  a f t e r  t h e  ~ i x t h  
d e t o n a t i o n ,  due t o  a  28% compact ion o f  t h e  bed. 
The two opt imized  d e t o n a t i o n  a r r e s t e r  c o n f i g u r a t i o n s ,  developed from 
t h e  pa rame t r i c  t e s t s ,  were f u r t h e r  e v a l u a t e d  a f t e r  t e s t  f a c i l i t y  modi f ica-  
t i o n s  were made t o  p rov ide  con t inuous  combus i i b l e  mi:-ture f l o w  c a p a b i l i t y  
and an ex tended  e x i t  s e c t i o n  w i th  16 .5  m ( 5 4  f t )  o f  15.2-cm- (6 .0- in . - )  
d i ame te r  p ipe  added t o  w i t n e s s  l i n g e r i n g  f l ames  o r  r e i g n i t i o n s  o c c u r i n g  
downstream o f  t he  t e s t  a r r e s t e r .  The v e r t i c a l  bed o f  Ballast r i n g s  a r r e s t e r  
c o n f i g u r a t i o n  had a  bed s i z e  25.4 cm (10  i n . )  i n  d i a m e t e r  by 45.7 cm ( 1 8  
i n . )  l ong  packed v i t h  2.54-cm- (7 .0 - in . - )  s i z e  aluminum r i n g s .  An i n d i r e c t  
i n l e t  c o n f i g u r a t i o n  f o r  t h i s  a r r e s t e r  c o n s i s t e d  o f  a  n o t - i n - l i n e  p ipe  t e e ,  
a b lanked-of f  r u p t u r e - d i s c  assembly ,  and a  p ipe  elbow. The Shand and J u r s  
spiral-wound,  crimped s t a i n l e s s - s t e e l  r i b b o n  a r r e s t e r  c o n f i g u r a t i o n  had 
a c o r e  s ize 30.5 cm (12  i n . )  i n  d i a m e t e r  by 20.3 cm ( 8  i n . )  l ong .  A d i r e c t  
i n l e t  c o n f i g u r a t i o n  f o r  t h i s  a r r e s t e r  was an  i n - l i n e  p ipe  t e e  w i t h  a  blanked- 
o f f  r u p t u r e - d i s c  assembly.  Both o f  t h e s e  a r r e s t e r s  were t e s t e d  w i th  a flow- 
i n g  combustible m i x t u r e  o f  g a s o l i n e  and a i r  a t  t h e  s t a n d a r d  test c o n d i t i o n s .  
The mix ture  con t inued  t o  f l ow  th rough  t h e  t e s t  p i p i n g  f o r  p e r i o d s  up t o  
120 seconds  a f t e r  t h e  i g n i t i o n  and d e t o n a t i o n  had occu r r ed .  The r e s u l t s  
o f  t h e s e  t e s t s  a r e  t a b u l a t e d  i n  Tab l e  1-4 and b r i e f l y  summarized a s  fo l l ows :  
( 1 )  The v e r t i c a l  bed o f  aluminum Ballast r i n g s  a r r e s t e r  t e s t  
assembly  a r r e s t e d  e i g h t  d e t o n a t i o n s .  The first two d e t o n a t i o n  
t e s t s  were fo l lowed by con t inuous  m i x t u r e  f l o w  f o r  a  p e r i o d  
o f  30 s econds .  On each  succeed ing  two- t e s t  s e r i e s ,  t h e  
f low p e r i o d s  were ex tended  i n  s t e p s  th rough 60 ,  90, and 
120 s econds .  There was no i n d i c a t i o n  o f  r e i g n i t i o n  o r  
l i n g e r i n g  f l ames  e i t h e r  upstream o r  downstream o f  t h e  t e s t  
a r r e s t e r  on any o f  t h e s e  f i r i n g s .  Pre- and p o s t t e s t  averaged  
p r e s s u r e  l o s s  was 0.031 kN/m2 (0.044 p s i d )  and appeardd  
t o  i n c r e a s e  s l i g h t l y  d u r i n g  t e s t i n g  due t o  compact ion o f  
t h e  bed o f  r i n g s .  The downstream p r e s s u r e  p u l s e  averaged  
14.6 kN/m2 (21 .1  p s i a )  and had an  ave rage  v e l o c i t y  o f  398 
m/s (1304 f t /s) through t h e  p ipe  e x t e n s i o n  s e c t i o n .  There  
was no ev idence  o f  i n c r e a s i n g  wave v e l o c i t y  o r  p r e s s u r e  
i n  t h e  e x t e n s i o n  s e c t i o n .  
( 2 )  The Shand and J u r s  sp i ra l -wound,  cr imped s t a i n l e s s - s t e e l  
a r r e s t e r  t e s t  assembly a r r e s t e d  e i g h t  d e t o n a t i o n s .  The first 












































































































































































































































































































































































































































































































































































































































































































f o r  a  period cf 30 seconds. On each succeeding two-test s e r i e s ,  
the flow periods werp exteaded i n  s t eps  through 60, 90, and 120 
seconds. There was no indicat ion of re igni t ion  o r  l ingering 
flames e i t h e r  upstream or  downstream of the t e s t  a r r e s t e r  on 
any of these f i r i ngs .  Pre- and pos t t e s t  averaged pressure l o s s  
was 0.136 kN/m2 (0.020 psid) . The downstream pressure pulse 
averaged 297 kN/m2 (143.1 ps ia )  and had an average veloci ty  of 
555 m/s !I816 f t / s )  through the pipe extension sect ion.  There 
was an indicat ion of decreasing w..ve veloci ty  anc prcssure in  
the extension sect ion.  Povt test  inspection revealed no damage 
o r  d i s to r t i on  t o  the a r r e s t e r  core assembly and only minor 
d i s to r t i on  of the a r r e s t e r  r e t a ine r  gr id r icg .  
The following is a l i s t i n g  of source information for  commercial 
f l a s e  a r r ~ s t e r s  and components used in  t h i s  program. 
( 1 )  Shand and Ju r s ,  spiral-wound, crimped metal ribbon a r r e s t e r s ;  
G.P .E .  Controls, 651 1 Oakton S t r e e t ,  Mort.on Grove, I! l i n o i s ,  
60053. 
( 2 )  Amal , spiral-wound, crimped metal ribbon a r r e s t e r ;  A1i.31 
L t d . ,  Birmingham, England. 
( 3 )  Retimet foamed metal a r r e s t e r s ;  Whessoe Systems and Controls, 
L t d . ,  Brinkburn ;bad,  Darlington, Co. , Durh :m DL3 6DS, England. 
( 4 )  Linde hydraulic back-pressure valve a r r e s t e r ;  Union Carbide, 
Linde Division, Gas Products Division, P .  0 .  Box 42, 239 
O l d  New Erunswick Road, Piscataway, New Jersey,  08854. 
( 5 )  Ballast  Rings; Gli tsch,  Inc . ,  P. 0. Box 6227, Dallas,  Texas, 
75222. 
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SECTION I1 
INTRODUCTION 
The Cleat A i r  Act o f  1970 r e q u i r e s  t h e  Environmental P r o t e c t i o n  
Agency (EPA) to e s t a b l i s h  air q u a l i t y  s t a n d a r d s  f o r  p r i n c i p a l  air pol- 
l u t a n t s ,  and d i r e c t e d  i n d i v i d u a l  states to  develop and implement p l a n s  
to meet these  standard$. Regula t ions  r e q u i r i n g  t h e  recovery of vapors  
emitted dur ing t h e  loading and unloading o f  g a s o l i n e  and o t h e r  v o l a t i l e  
ccmpounds h . o l ~  s h i p s  and barges  hava been considered,  bu t  t h e i r  imple- 
mentation has  Seen repea ted ly  postponed because o f  t h e  l a c k  o f  informat ion 
and experience in s a f e  handling of combustible f u e l  and air  mixtures  
i n  c losed duct ing.  
The U.S. Coast Guard, under t h e  P o r t s  and Waterways S a f e t y  Act 
(PL 923401, is resgons ib le  f o r  keeping U.S. p o r t s  and v e s s e l s  wi th in  
these  por.  3 s a f e  from the  inheren t  hazards o f  handling p e t r o l e m  products .  
When U.S. cargo v e s s e l s  and loading t e r m i n a l s  are requ i red  to i n s t a l l  
vapor recovery systems (VRS) to reduce t h e  amount o f  hydrocarbons re?.eased 
t o  t h e  atmosphere, it w i l l  be imperat ive  t h a t  t h e  U.S. Coa:-t Guard hava 
d a t a  and experience f a c t o r s  concerning t h e  adequacy of flame c o n t r o l  
dev ices  used in t h e  V R S  i n s t a l l a t i o n s .  
Within c e r t a i n  l i m i t s  of  composition, combustible mixtures  may burn 
i n  e i t h e r  o f  two modes: d e f l a g r a t i o n  ( f lame)  o r  de tona t ion  (exp los ion) .  
Def lq3rat ion v e l o c i t i e s  a r e  subsonic and t h e  p ressure  change a c r o s s  
t h e  combustion f r o n t  is small. Detonation v e l c c i t i ~ s  a r e  superson ic ,  
and a l a r g e  s t e p  inc rease  i n  p ressure  occurs  a c r o s s  t h e  c m b u s t i o n  
f r o n t .  Under c e r t a i n  c i rcumstances ,  a d e f l a g r a t i o n  may a c c e l e r a t e  
and become a d e t o ~ a t i o n .  Flane propagation i n  a long tube f i l l e d  wi th  
a quiescent  combustible g a s  mixture and c losed a t  the  end a t  which 
;,nition occurs  provides t h e  c l a s s i c  example o f  flame a c c e l e r a t i o n  
and the  deflagration-to-detonation t r a n s i t i o n  (DDT) (Reference 2-1 ) . 
Since the  tube is closed,  t h e  burned gas is not i n  motion; the  hydrodynamic 
equa t ions  f o r  flame propagation r e q u i r e  the  unburned g a s  t o  be i n  motion. 
(Reference 2-2). A shock wave t h a t  precedes t h e  flame f r o n t  is t h e  
means by which the  unburned g a s  is s e t  i n  motion. Not on ly  does t h e  
shock s e t  the  unburned Sas i n  motion, it a l s o  h e a t s  it. Flame speeds  
inc rease  with inc reas ing  unburnt g a s  temperatures;  hence t h e  flame 
f r o n t  a c c e l e r a t e s  as it proceeds i n t o  the  shock-heated gas .  I n  t u r n  
t h i s  s t r eng thens  t h e  shock, and the  r a t e  o f  a c c e l e r a t i o n  i n c r e a s e s .  
However, t h i s  process  accounts f o r  only p a r t  of  t h e  observed flame ac- 
c e l e r a t i o n .  For the  p a r t i c u l a r  s i t u a t i o n  o f  flame propagation i n  a tube ,  
a boundary l a y e r  develops on the  tube wal l  behind the  shock. Marked 
i n c r e a s e s  i n  flame propagation v e l o c i t y  occur when t h e  boundary l a y e r  
becomes t u r b u l e n t ,  and a t r a n s i t i o n  from laminar t o  t u r b u l e n t  burning 
occurs  (Reference 2-31. A s  t h e  preflame shock is f u r t h e r  s t rengthened,  
the  shock becocies s u f f i n i e n t l y  s t rong  a t  some po in t  to a l low a t r a n s i t i o n  
t o  de tona t ion .  Severa l  in te rmedia te  s p e c i f i c  even t s ,  e i t h e r  s i n g l y  o r  
i n  combination, may immediately precede the  a c t u a l  development of deto- 
na t ion  (Reference 2-4). Auto ign i t ions  ( p o i n t  exp los ions )  i n  the  shock- 
heated g a s  may provide the  f i n a l  .petus. Success ive  sudden i n c r e a s e s  
i n  flame propagation produced by turbuience  i n  the  boundary l a y e r  of  
the  shocked, unburned gases  may r e s u l t  i n  s e v e r a l  success ive  shock waves; 
as t h e s e  waves c o a l e s c e ,  t h e  t r a n s i t i o n  t o  de tona t ion  may occur .  T r a n s i t i o n  
may also occur ilpmediately behind t h e  shock f r o n t ,  i f  it is of  s u f f i c i e n t  
s t r e n g t h  . 
Clear ly ,  t h e  deflagration-to-detonation t r a n s i t i o n  is a complex phe- 
nomenon and depends no t  on ly  on t h e  p r o p e r t i e s  o f  t h e  burned and unburned 
g a s e s ,  but  also upon t h e  cond i t ions  at t h e  boundary o f  t h e  combustible 
mixture.  The d i s t a n c e  requ i red  f o r  development o f  de tona t ion  ( t h e  ttrun-up 
d i s t a n c e n )  is known t o  be s h o r t e r ,  e .g. ,  in rough-walled t u b e s  (Reference 
2-51, s i n c e  wall roughness w i l l  a t  f i r s t  enhance nonuniformity o f  t h e  bound- 
a r y  l a y e r ,  and e v e n t u a l l y  enhance t h e  t r a n s i t i o n  t o  turbulence .  Tube 
dimension e f f e c t s  are a l s o  t o  be expected,  i n  t h a t  propagation times f o r  
t r a n s v e r s e  shocks o r  combustion f r o n t s  w i l l  be longer  f o r  l a r g e r  tubes .  
Abundant evidence e x i s t s  shoewing t h a t  t h e  deflagration-to-detonation t r a n s i -  
t i o n  is not  a one-dimensional phenomenon, but  invo lves  t r a n s v e r s e  compression 
waves and combustion f r o n t s  i n  tubes  (References  2-6 and 2-71. 
One o t h e r  c h a r a c t e r i s t i c  o f  t h i s  t r a n s i t i o n  is t h e  rap id  p r e s s u r e  
i n c r e a s e ,  which is  o f  importance i n  cons ide r ing  s a f e t y  p recau t ions  under 
cond i t ions  where de tona t ions  may develop. A t  t he  time o f  t r a n s i t i o n ,  
p r e s s u r e  p u l s e s  i n  excess  o f  t h e  s t eady  de tona t ion  p ressure  are o f t e n  
observed (References 2-4 and 2-81. Although t h e s e  pu l ses  are of ve ry  
s h o r t  d u r a t i o n ,  t h e  p ressure  may be t h r e e  t o  four  t imes the  s t eady  de tona t ion  
pressu-e. Neither t h e  occurrence nor t h e  magnitude o f  t h e s e  p ressure  
pu l ses  is p r e d i c t a b l e ;  hence prudence demands t h a t  personnel be adequate ly  
sh ie lded  in t h e  event  t h e  de tona t ion  tube s h a t t e r s .  These i n t e n s e  p ressure  
p u l s e s  a r e  r e l a t e d  t o  another  well-known de tona t ion  phenomenon, t h a t  
of  spinning de tona t ion  (Refereirces 2-9 and 2-10) . Spinning de tona t ion  
is a near- l imi t  mode o f  de tona t ion  propagation.  It is c h a r a c t e r i z e d  by 
a r o t a t i n g  t r ip le-shock i n t e r s e c t i o n  t h a t  propagates a x i a l l y .  Combustion 
occurs  behind the  t r ip le - shock  i n t e r a c t i o n ,  c r e a t i n g  a l o c a l i z e d  region 
of  high temperatures  and p ressures .  Mul t ip le  f r o n t s  a r e  a l s o  observed. 
H e l i c a l  damage p a t t e r n s  i n  the  DDT r eg ion  a r e  due t o  spinning f r o n t s .  
Such f r o n t s ,  i n  mixtures  well i n s i d e  the  de tona t ion  l i m i t s ,  a r e  u n s t a b l e  
and do transform t o  s t a b l e  p lanar  de tona t ion  f r o n t s  a s  t h e  t r a n s i t i o n  
process  is completed (Reference 2-1 1 ) . 
I n  eva lua t ing  hazards ,  a  number of f a c t o r s  need t o  be considered.  
Among t h e s e  a r e  t h e  p ressure  developed behind a de tona t ion  wave i n  t h e  
combustible m a t u r e  i n  ques t ion ,  t h e  run-up d i s t a n c e  f o r  the  t r a n s i t i o n ,  
and the  quenching requirements.  0 t h ~  f a c t o r s  of  importance t h a t  w i l l  not  
be d e a l t  with he re  are a c t u a l  mixture composit ions and sources  o f  i g n i t i o n .  
The p a r t i c u l a r  a p p l i c a t i o n  o f  i n t e r e s t  i n  t h i s  work is t h e  l eng thy ,  l a rge -  
d iameter  p iping requ i red  f o r  vapor recovery systems a t  marine t e rmina l s .  
Hydrocarboda i r  mixtures  w i l l  be p resen t  i n  t h i s  p iping.  Maximum deto- 
n a t i o n  v e l o c i t i e s  and maximum de tona t ion  p ressures  i n  such mix tu res  occur 
a t  equivalence  r a t i o s  of  about 1.1. Maximum pressure  r a t i o s  a c r o s s  t h e  
wave f o r  hydrocarbon/air  mixtures  a r e  about 20, corresponding t o  an impulse 
p ressure  o f  about 2070 k ~ / r n ~  (300 p s i a )  . I f  it is i m p r a c t i c a l  t o  c o n s t r u c t  
t h e  vapor recovery system o f  pipe s u f f i c i e n t l y  s t rong  t o  con ta in  a de tona t ion  
o f  maximum s t r e n g t h ,  t h e  run-up d i s t a n c e  becomes very  important  i n  t h a t  it  
e s t a b l i s h e s  t h e  minimum spacing of flame a r r e s t e r s  r equ i red  t o  prevent  the  
development o f  de tona t ion .  I f ,  on t h e  o t h e r  hand, t h e  system can be con- 
s t r u c t e d  of  p iping t h a t  w i l l  con ta in  the  d e t o n a t i o n ,  then  t h e  ques t ion  
of t h e  need f o r  d e t o n a t i o a  arresters becomes important .  Detonation arresters 
in the piping se rve  t o  prevent de tona t ion  from propagating i n t o  t h e  l a r g e  
volumes (shipboard and dockside s t o r a g e  tanks)  a s s o c i a t e d  wi th  t h e  vapor 
recovery apparatus .  
A review o f  l i t e r a t u r e  on t h e  deflagration-to-detonation t r a n s i t i o n  
was concerned wi th  r a t i o n a l i z i n g  ( i f  p o s s i b l e )  t h e  a v a i l a b l e  informat ion 
on run-up d i s t a n c e s ,  wi th  a view toward developing c o r r e l a t i o n s  o f  run-up 
d i s t a n c e s  wi th  pipe geometry and combustion c h a r a c t e r i s t i c s ,  and wi th  
p r e d i c t i n g  de tona t ion  and r e f l e c t e d  de tona t ion  p ressures .  The informat ion 
developed was u t i l i z e d  i n  t h e  des ign  o f  t h e  t e s t  sppara tus  and in t h e  
a n a l y s i s  o f  t h e  r e s u l e s .  
Many workers have s t u d i e d  t h e  a c c e l e r a t i o n  o f  f lames and t h e  t r a n s -  
formation o f  a flame t o  a de tona t ion  uave (Reference  2-12). Emphasis 
has been on t h e  d e t a i l s  of t h e  t r a n s i t i o n ,  r a t h e r  than on mezsurements 
of run-up d i s t a n c e  a s  such.  I n  r e c e n t  y e a r s ,  e l e g a n t  l a s e r  methods o f  
e l u c i d a t i n g  the sequence o f  e v e n t s  in t h e  DDT have revea led ,  f o r  H2/02 
mixtures ,  a r i c h  and complex s e t  of physiochemical i n t e r a : t i o n s  t h a t  
c o n t r i b u t e  to t h i s  s t r i k i n g  phenomenon (Reference 2-91. It must be observed,  
however, t h a t  sys temat ic  s t u d i e s  of run-up d i s t a n c e s  per  se are few. 
Bol l inger  and coworkers have provided a c o n s i s t e n t  set o f  d a t a  f o r  s e v e r a l  
combustible mixtures  i n  s m a l l  diameter tubes  (References  2-8 and 2-13). 
These workers have repor ted  d a t a  on H2/02, C2H2/02, C2H2/air, CH4/02, 
C0/02, Hf /02 /N2,  H2/02/air, and H 2 / 0 2 / 0 2  mix tu res  a t  i n i t i a l  p ressures  
o f  1 ,  5, 10, and 25 atm. C o r r e l a t i o n s  were developed f o r  some o f  t h e  
mix tu res ,  relating run-up d i s t a n c e  t o  p r o p e r t i e s  o f  t h e  combustible g a s  
and tube geometry. A func t ion ,  K ,  was d e f i n e d ,  
where: Reb is t h e  Reynolds number based on unburned gas c o n d i t i o n s ,  t h e  
normal burning v e l o c i t y ,  and t h e  pipe diameter ;  
Su is t h e  burning v e l o c i t y  of  t h e  g a s  mixture ;  
a b  is t h e  speed of  sound i n  t h e  unburned gas ;  
Tc is t h e  combustion ( d e t o n a t i o n )  temperature ;  and 
Tb is t h e  unburned g a s  temperature .  
Detonation induc t ion  d i s t a n c e s  were c o r r e l a t e d  wi th  K f o r  C0/02 and H2/02 
mixtures ,  but  no t  f o r  CH4/02 mix tu res .  Whereas a l l  t h e  d a t a  f o r  H2/02 and 
C0/02 mixtures  l a y  on a s i n g l e  c o r r e l a t i n g  curve ,  t h a t  f o r  CH4/02 mixturen 
divided i n t o  two groups ,  depending on mixture  r a t i o .  Nei ther  group of  
CH4/d2 d a t a  f e l l  on t h e  c o r r e l a t i n g  curve  f o r  t h e  H2/02 and C0/02 mix tu res .  
The a u t h o r s  at tempted t o  account f o r  t h i s  a s  a mani fes ta t ion  of  t h e  increased 
ion concen t ra t ions  observed i n  hydrocarbon flames as compared with those  i n  
H2/02 o r  CO/02 flames. Unfor tunat? ly ,  t h e i r  argument is n o t  i n t e r n a l l y  
s e l f - c o n s i s t e n t .  They s t a t e :  "It is suspected t h a t  c e r t a i n  ion ized  
p a r t i c l e s  are c rea ted  at t h e  e leva ted  temperature and pressure  c o n d i t i o n s  
across t h e  shock d i s c o n t i n u i t i e s .  The i o n i z a t i o n  probes a r e  t r i g g e r e d  
by t h e s e  ionized p a r t i c l e s  before  t h e  flame a r r i v e s . .  ." They then d i s c u s s  
t h e  wel l -es tabl ished l a r g e  concen t ra t ions  o f  i o n s  in  hydrooarcm/a i r  
(or hydrocarbon/02) f lames i n  terms o f  i o n i z a t i o n  o f  carbon p a r t i c l e s  
formed i n  r i c h  hydrocarbon flames. Not a l l  t h e  i o n i z a t i o n  in hydrocarbon 
flames is proper ly  a t t r i b u t a b l e  to i o n i z a t i o n  o f  carbon p a r t i c l e s ;  but 
it is inappropr ia te  t o  d i s c u s s  t h i s  s u b j e c t ,  which is deserving o f  s e p a r a t e  
t r ea tment ,  i n  t h i s  r e p o r t .  The importact  po in t  is t h a t  t h e  a t ~ t h o r s  argue 
on t h e  one hand t h a t  ion iz ing  p a r t i c l e s  a r e  formed behind t h e  shock uave 
and t h i s  f lame f r o n t  a r r i v a l ,  and on t h e  o t h e r  hand t h a t  t h e  p a r t i c l e s  
a r e  t h e  products o f  flames. Now, it is well documented t h a t  precursor  
i o n i z a t i o n  occurs  i n  shock waves (Reference 2-14). However, t h i s  is 
probably due to photoionizat ion,  t h e  short-wavelength r a d i a t i o n  o r i g i n a t i n g  
from the  highly-ionized heated g a s  i n  t h e  case  o f  s t r o n g  shocks (Reference 
2-14), and from chemiluminescence i n  t h e  case o f  flames i n  which CO is 
oxidized (Reference 2-15 . These p recursors  precede t h e  shock wave. 
Uhile t h e  arguments of Bol l inger  and coworkers (References 2-8 
and 2-14) cannot be accepted,  t h e  p o s s i b i l i t y  o f  precursor  i o n i z a t i o n  
must be admitted. Houever, t h i s  i o n i z a t i o n  should be p resen t  i n  t h e i r  
C0/U2 c a s e s ,  a s  well  as t h e  CH4/02 c a s e s ,  and thus  is n o t  unique. It 
must be noted t h a t  Bol l inger ,  e t  al. (References 2-8 and 2-14), use S t r a u s s  
and Edsel s (Reference 2-1 6 methane-burning v e l o c i t y  d a t a ,  which show 
t h a t  the  burning v e l o c i t y  i n c r e a s e s  with inc reas ing  pressure .  More r e c e n t  
work shows t h a t  methane burning v e l o c i t i e s  decrease  with inc reas ing  p ressure  
(Reference 2-17). Unfor tunate ly ,  t h e  d i r e c t i o n  o f  c o r r e c t i o n  produced 
by t h i s  t r end  is t o  inc rease  the  d i f f e r e n c e  between t h e  CH4/02 d a t a  and 
t h e  H2/02 and C0/02 d a t a  i n  the  Bol l inger ,  e t  a l . ,  c o r r e l a t i o n  (References 
2-8 and 2-1 4 1. A more l i k e l y  explanat ion of t h e  unique behavior o f  CHq 
a s  a f u e l  i n  these  DDT s t u d i e s  l i e s  i n  its i g n i t i o n  k i n e t i c s ,  which d i f f e r  
frm those o f  C0/02 and of  H2/02.  
Yet another approach t o  p red ic t ing  run-up d i s t a n c e s  has been taken 
by Shchelkin and Troshin (Reference 2-1 81, who d e r i v e  t h e  express ion:  
where: xl is the  run-u2 d i s t a n c e ;  
c1 is the  speed of sound i n  the  quiescent  unburned gas ;  
d is the  tube diameter ;  
C is a c o e f f i c i e n t  accounting f o r  t h e  enlargement o f  flame 
s u r f a c e  by nonuniform flow i n  the tube behind the  shock f r o n t ;  
K is t h e  Karman number, the  r a t i o  o f  t h e  mean v e l o c i t y  of 
t u r b u l e n t  f l u c t u a t i o n s ,  V t  , and the  v e l o c i t y  o f  t h e  d i s tu rbed  
unburned g a s ,  w (K = V ' / w )  ; 
u3 is t h e  r a t i o  o f  t h e  d e n s i t y  o f  unburned and burned g a s  a c r o s s  
t h e  de tona t ion  f r o n t  (u3 = P1/P3), and 
Uk is t h e  burning v e l o c i t y  o f  t h e  mixture .  
Shchelkin and Troshin no te  t h a t  0.6 5 KC (v3 - 1 ) 5 2; which is t o  say  
KC (u3 - 1 )  is o f  the o r d e r  o f  1 ,  and f u r t h e r  C is  o f  t h e  o r d e r  o f  2 o r  3. 
The m o d e l  used i n  d e r i v i n g  t h i s  express ion,  however, is t h a t  o f  success ive  
shock waves forming during flame d c e l e r a t i o n ,  and de tona t ion  occur r ing  at  
t h e  po in t  o f  coalescence.  They admit t h e  p o s s i b i l i t y  t h a t  de tona t ion  may 
occur after t h e  po in t  of  coalescence.  Exper imenta l ly .  shock coalescence 
is b u t  one mechanism f o r  t h e  t r a n s i t i o n  t o  de tona t ion .  They concede 
(Reference 2-18) t h a t  t h e  expret-sfcv (2-2) is q u a l i t a t i v e  i n  n a t u r e  and 
they o f f e r  no experimental  evidence suppor t ing it. Since t h e  model fits 
but  okia o f  s e v e r a l  modes of DDT, it is not  s u r p r i s i l g  t h a t  it  is cf ,,diced 
usefulness .  In p a r t i c u l a r ,  no confidence may be p l p a d  i n  run-up d i s t a n c e s  
aorcputsd from express ion  (2-2) i n  a t t empts  t o  e s t ima te  nazards  i n  the  
des ign of  piping runs  con ta in ing  de tona tab le  mixtures .  
Holzapfel  and Schoen (Reference 2-19) obta ined a. experimental  DDT 
run-up d i s t a n c e  o f  approximately 12 m (39.9 f t )  f o r  propane/a i r  mix tu res  
a t  an equivalence r a t i o  o f  1.15 i n  a 15.0-cm- (5.9-in.-) d i m  s t a i n l e s s -  
s t e e l  pipe c losed o f f  at t h e  i g n i t i o n  end. The i n t e r n a l  wall f i n i s h  o f  
t h e  pipe was s t a t e d  t o  be of  " i e c h n i c a l  grade roughnesslt t  but  was not  o ther-  
wise charac te r i zed .  It was a l s o  noted t h a t  s h o r t e r  DDT run-up d i s t a n c e s  
were observed i n  a t e s t  c o n f i g u r a t i o n  i n  which t h e  f lame was i g n i t e d  i n  a 
v e s s e l  connected to t h e  i n l e t  end o f  t h e  pipe.  Sa fe ty  c o n s i d e r a t i o n s  based 
on t h e  knowledge of DDT run-up d i s t a n c e s  must t ake  t h i s  e f f e c t  i n t o  account.  
Run-up d i s t a n c e s ,  f o r  propane/a i r  and g a s o l i n e / a i r  mix tu res ,  were 
es t imated from express ion (2-2) t o  be about 30.5 m (100 f t ) .  I n  f a c t ,  f c ~ r  
t h e  Coast Guard work descr ibed h e r e i n ,  no de tona t ions  developed i n  the  shock 
tube f i l l e d  with s to ich io rne t r i c  propane/a i r  mixtures  i n  31.5 m (104 f t )  
before  the  tube was modified. O r i g i n a l l y ,  t h i s  shock tube had been designed 
t o  provide a t e s t  g a s  volume o f  known p r o p e r t i e s .  It h a s ,  t h e r e f o r e ,  been 
c a r e f u l l y  honed and pol ished t o  e l imina te  s u r f a c e  i r r e g u l a r i t i e s .  To o b t a i n  
DDT wi th in  t h e  a v a i l a b l e  tube  l e n g t h  o f  31.5 rn (1 04 f t )  , it was necessa ry  t o  
i n s e r t  tube  l i n e r s  o f  expanded meta l ,  thereby inc reas ing  i n t e r n a l  wal l  roughness. 
Nei ther  express ion  (2-1 nor  (2-2) e x p l i c i t l y  a l lows  f o r  wal l  roughness. 
To be s u r e ,  express ion (2-1) inc ludes  a Reynolds number; however, it is based 
on tube diameter .  Th i s  is c l e a r l y  i n a p p r o p r i a t e  f o r  l a r g e  tubes  such as the  
one employed i n  t h i s  work, o r  those  f o r  proposed vapor recovery systems. 
k more appropr ia te  c h a r a c t e r i s t i c  l e n g t h  would be r e l a t e d  t o  boundary l a y e r  
th ickness  behind t h ?  a c c e l e r a t i n g  shock wave, o r  r e l a t e d  t o  average s u r f a c e  
p r o f i l e s  of  the  pipe i n t e r i o r  wall. The importance o f  tu rbu lence  i n  flame 
a c c e l e r a t i o n  has long been recognized.  However, the  time-dependent flow o f  
DDT h a s  r e s i s t e d  a n a l y s i s ,  and is l i k e l y  t o  do so  f o r  some time, i n  view of  
t h e  complexity o f  the  problem. U n t i l  b e t t e r  t h e o r e t i c a l  model3 a r e  a v a i l a b l e ,  
empi r i ca l  c o r r e l a t i o n s  w i l l  be needed. 
To provide the  Coast Guard with needed informat ion on t h e  adequacy 
o f  flame c o n t r o l  dev ices  t h a t  could be used i n  vapor recovery systems and 
t o  develop empi r i ca l  d a t a  on run-up d i s t a n c e  t o  de tona t ion  f o r  g a s o l i n e / a i r  
mixtures ,  a t e s t  f a c i l i t y  f o r  experimental  eva lua t ion  had t o  be cons t ruc ted  
o f  f u l l - s c a l e  hardware. The s a f e t y  o f  opera t ing  personnel and a d j a c e n t  
a c t i v i t i e s  was o f  prime concern i n  s e l e c t i o n  o f  t h e  t e s t  s i t e  i o c a t i o n  and 
o f  pressure  r a t i n g  t h e  test components. To t h i s  and. p re l iminary  c a l c u l a t i o n s  
o f  de tona t ion  p r e s s u r e s  and of  r e f l e c t e d  de tona t ion  p r e s s u r e s  were c a r r i e d  
o u t  f o r  t h r e e  s e l e c t e d  h y d r o c a r b o d a i r  mixtures .  The L e w i s  C.E. C. 71 com- 
p u t e r  program (Reference 2-20) was used i n  these  computations.  While 
s t eady  de tona t ion  p ressures  a r e  d i r e c t l y  computed by t h i s  program, which 
uses  s t o r e d  thermodynamic d a t a  and composition d a t a  s p e c i f i e d  i n  the  inpu t  
d a t a ,  r e f l e c t e d  de tona t ion  p ressures  a r e  not  au tomat ica l ly  computed. 
The v e l o c i t y  o f  t h e  r e f l e c t e d  shock wave was computed from the  p a r t i c l e  
v e l o c i t y  ahead o f  t h e  r e f l e c t e d  wave (equa l  t o  t h e  p a r t i c l e  v e l o c i t y  
behind the  de tona t ion  wave) and the  knowledge t h a t  behind the  r e f l e c t e d  
shock the  p a r t i c l e  v e l o c i t y  is ze ro  ( t h e  g a s  is brought t o  r e s t  by t h e  
r i g i d  wa l l )  (Reference 2-2 1 ) . Using the  r e f l e c t e d  shock v e l o c i t y  and 
postdetonat ion g a s  p r o p e r t i e s  a s  inpu t  d a t a ,  the  r e f l e c t e d  shock wave 
p r o p e r t i e s  were computed using the  "SHOCK1' subrou t ine  o f  t h e  Lewis program. 
The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  shown i n  F igures  2- 1 ,  2-2, and 
2-3, which d e t a i l  de tona t ion  wave v e l o c i t i e s ,  p r e s s u r e s ,  and temperatures  
f o r  to luene,  N-heptane, and propane mixed wi th  a i r  a t  s e v e r a l  s t o i c h i o m e t r i e s .  
Ref lec ted shock ware p r o p e r t i e s  were computed f o r  the  same f u e l / a i r  mixtures  
a t  one s t o i c h i m e t r y ,  0 = 1.1. The de tona t ion  wave and r e f l e c t e d  shock 
wave p r o p e r t i e s  a r e  summarized i n  Table 2-1. The value  o f  1.1 was chosen 
f o r  the  equivalence r a t i o  because g a s o l i n e  and a i r  mixtures  have maximum 
flame speed a t  about 0 = 1.1 (Reference 2-22), hence t h i s  was considered 
t h e  most hazardous cond i t ion .  Q u a l i t a t i v e l y ,  the  h igher  t h e  flame speed,  
t h e  s h o r t e r  the  run-up d i s t a n c e ,  and a l though 0 = 1.1 does no t  correspond 
t o  t h e  maximum de tona t ion  wave p ressure ,  t h e  d i f f e r e n c e s  between the  deto- 
n a t i o n  p ressures  a t  0 = 1.1 and the  maximum value  is no t  g r e a t  and would 
not compromise normal s a f e t y  f a c t o r s .  A nominal working p ressure  of  4137 
k ~ / m ~  (600 p s i a )  was chosen a s  a des ign working p ressure  f o r  the  piping and 
component i n  the  t e s t  assembly. A s a f e t y  f a c t o r  of  somewhat l e s s  than f o u r  
would r e s u l t  i f  the  f u l l  r e f l e c t e d  shock p ressure  were r e a l i z e d .  One n o t e s ,  
however, t h a t  these  p ressures  a r e  f o r  p lane  r e f l e c t i o n  from a r i g i d  wa l l .  
I n  t h e  a c t u a l  experiment,  r e f l e c t i o n  from a flame a r r e s t e r  would never r e s u l t  
in the  f u l l  p ressure  development due t o  flow through t h e  a r r e s t e r .  S i m i l a r l y ,  
r e f l e c t i o n  a t  a pipe bend would r e s u l t  i n  an expansion wave (soon developing 
i n t o  a de tona t ion)  i n  the  downstream l e g  o f  the  bend, and aga in  the  f u l l  
r e f l e c t e d  shock p ressure  on the  bend wa l l  would not  be r e a l i z e d .  
Since it is not p o s s i b l e  t o  c a l c u l a t e  peak p ressures  dur ing  t h e  
t r a n s i t i o n ,  i t  was judged t h a t  t h e  hazard could no t  be computed wi th  
s u f f i c i e n t  c e r t a i n t y  t o  a s s u r e  t h a t  t h e  run-up pipe would remain i n t a c t  a t  
t h e  t ime o f  t r a n s i t i o n .  The experimental  hardware was t h e r e f o r e  requ i red  
t o  be located a t  a wel l -protected t e s t  s i t e  where r;he fuel-and-air  mixing 
and f i r i n g  could be conducted remotely. 
The experimental  program was performed a t  t h e  J e t  Propuls ion 
Laboratory 's  Edwards Tes t  S t a t i o n  (ETS) where s u i t a b l e  s a f e t y  p r o t e c t i o n  
and suppor t  a c t i v i t i e s  were a v a i l a b l e .  A new f a c i l i t y  t h a t  u t i l i z e d  
t h e  p iping,  s t r u c t u r a l  suppor t s ,  components, and ins t rumenta t ion  from 
t h e  JPL-Pasadena shock-tube f a c i l i t y  was i n s t a l l e d  on an e x i s t i n g  t e s t  
s i t e .  A p h ~ t o g r a p h  o f  t h i s  t e s t  f a c i l i t y  i s  shown i n  Figure  2-4. 
Figure 2-1. Hydrocarbon and Air Mixture Theoretical 
Detonation Velocity vs  Equivalence Ratio 
1 1 I 
INITIAL PRESSURE AND TEMPERATURE 
I PI = 1 ATMS, T1 = 298'K 1 
EQUIVALENCE RATIO, '#' 
Figure 2-2. Hydrocarbon and Air Mixture Theoretical 
Detonation Pressure vs Equivalence Ratio 
EQUlVALFYCE RATIO, 9 
Ftgure 2-3. Hydrocarbon and A i r  Mixture Theoretical 
Detonation Temperature vs Equivalence Ratio 
Figure 2-4. B-Stand Faci l i ty ,  Edwards Teat Station 
2-9 
Table 2-1. Detonation Wave and Reflected Shock Properties for 
Hydrocarbon and Air Mixturesa 
Detonation Wave Reflected Shock 
Wave Wave 
Pres- Tem pera- Velo- Pressure, Tempera- Velo- 
Fuel sure, ture, K c i t y ,  atm ture, K c i ty ,  
atm m/ s m/ s 
Toluene 19.0 2920 1805 51.2 3300 7 15 
N-Heptane 19.2 2870 1817 51.3 3280 72 3 
Propane 18.7 2860 1820 49.2 3260 726 
a ~ n i t i a l  Pressure: 1 atm 
Init ia l  Temperature: 298 K 
Equivalence Ratio : 1.1 
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SECTION I11 
TEST FACILITY DESCRIPTION 
A. GENERAL 
A l l  t e s t i n g  was performed a t  t h e  B-Stand f a c i l i t y  o f  t h e  J e t  P ropu l s ion  
Labora to ry ' s  (JPL) Edwards Test S t a t i o n  (ETS] . T h i s  is a remote s i te  i n  
t h e  Mojave d e s e r t  l e a s e d  from Edwards Air Force Base f o r  hazardous  t e s t i n g .  
B-Stand is one o f  f i v e  t e s t  i n s t a l l a t i o n s  i n  t h e  l i q u i d  p r o p u l s i o n  a r e a  
o f  t h e  test s t a t i o n .  Other  a d j a c e n t  a r e a s  i n c l u d e  s o l i d  p r o p u l s i o n ,  
envi ronmenta l  s i m u l a t i o n ,  s o l a r  thermal  e l e c t r i c a l  power, and e l e c t r i c a l  
v e h i c l e  t e s t i n g .  Most areas are remote ly  c o n t r o l l e d  and monitored from 
a ba r r i caded  b u i l d i n g  c a l l e d  t h e  t lblockhouse, t l  which c o n t a i n s  t h e  c o n t r o l  
conso le s  and a c e n t r a l  d a t a  r e c o r d i n g  syst-m. The blockhouse is connected  
wi th  t h e  t e s t  s t a n d s  by a s e r i e s  o f  underground walk-through t u n n e l s  con- 
t a i n i n g  e l e c t r i c a l  power c o n d u i t s ,  h igh-pressure  g a s  l i n e s ,  i n s t r u m e n t a t i o n ,  
and c o n t r o l  c a b l e s .  The B-Stand test  a r e a  c o n t a i n s  an  air compressor  sys tem,  
f u e l  system, f u e l  v a p o r i z e r  and condenser  l o o p ,  f u e l  and a i r  i n d u c t i o n  
sys tem,  and t h e  d e t o n a t i o n  t e s t  p ip ing .  The test f a c i l i t y  f l ~ w  system 
schemat ic  diagram is shown i n  F i g u r e  3-1. Table 3-1 g i v e s  a d e s c r i p t i o n  
o f  t h e  symbols ussd i n  t h e  diagram. A F i r e x  system p r o v i d e s  emergency 
water de luge  to the  f u e l  sys tem,  v a p o r i z e r  and condenser  l oop ,  and t h e  
t e s t  s e c t i o n  p ip ing  i n  t h e  c a s e  of f i re .  A bank o f  l ead -ac id  b a t t e r i e s  
a t  t h e  s t and  p rov ides  emergency back-up power f o r  t h e  28-Vdc e l e c t r i c a l  
power i n  t h e  c o n t r o l  sys tems.  
B. A I R  COMPRESSOR SYSTEM 
Air f low f o r  t e s t i n g  was provided by a Spencer Model 8 0  x 10 SOH 
m u l t i - s t a g e  c e n t r i  f u g d  t u r b i n e  compressor ,  r a t e d  a t  7.79 m3/min (275 
icfm) a t  38.6 kN/m2 (5 .6  p s i d ) ,  t h a t  is d r i v e n  by a 7.46-kW (10-hp) e l e c t r i c a l  
motor. The ccinpressor was provided wi th  an i c l e t  f i l t e r  t o  a s s u r e  c l e a n  
a i r  and a 41.4-kN/m2 (6 -ps id )  p r e s s u r e  r e l i e f  v a l v e  i n  t h e  e v e n t  o f  complete 
system blockage. Air f low i n  t h e  10.2-cm- (4.-in.-) d i ame te r  i n d u c t i o n  
p i p i n g  system was c o n t r o l l e d  by t h e  remote p o s i t i o n i n g  o f  an  a i r  me te r ing  
v a l v e  and a i r  by-pass va lve .  Valve p o s i t i o n  was c o n t r o l l e d  and moni tored  
i n  t h e  blockhouse.  Air f low was de termined by measuring upstream t o t a l  
p r e s s u r e  and d i f f e r e n t i a l  p r e s s u r e  l o s s  a c r o s s  a M e r i a  Laminar Flow 
Element (LFE). The a i r  was heated  by compression up t o  3 2 O ~  ( 9 0 ° ~ )  above 
t h e  ambient  i n l e t  tempera ture .  The measured a i r  t empera tu re  and f lowmeter  
p r e s s u r e s  were used by t h e  on - l ine  d a t a  system t o  c a l c u l a t e  air mass f low 
f o r  cont inuous  d i s p l a y  and d i g i t a l  d a t a  r eco rd ing .  
C. FUEL SYSTEM 
Liquid f u e l  was s u p p l i e d  from a 0.049-m3 (13-gal )  s p h e r i c a l  aluminum 
p r e s s u r e  v e s s e l  wi th  a 6895-k~/m* ( 1000-psia)  working p r e s s u r e .  It was pses-  
s u r i z e d  f o r  f u e l  expu l s ion  by means o f  a remote ly- regula ted  gaseous  n i t r o g e n  










































































































































Table 3-1. Symbols and Description for  Flow System Schematic 
Diagram 
Symbol Description 
Manual Globe l.'nlve 
Elec t r ic  solenoid operated valve 
Elec t r ic  modor aperated valve 
Elec t r ic  motor operated ba l l  valve 
Air piston operated b a l l  valve 
One-way f l o g  check valve 
Pressure r e l i e f  sa fe ty  va lvS  
Dome pressure regulator  valve 
Manual s e t  pressure regulator  valve 
Elec t r ic  motor operated pressure 
Regulator valve ( dome loader)  






Flame sensor transducer 
Flowmeter transducer 
The f u e l  t a n k  v a l v e ,  p r e s s u r e  r e l i e f  v a l v e ,  and r u p t u r e  d i s c  were a l l  
mani fo laed  t o  a burn  s t a c k  f i r e d  by n a t u r a l  g a s .  A ga seous  n i t r o g e n  purge  
kept  t h e  v e n t i n g  l i n e s  c l e a r  o f  f u e l  vapor s .  L iquid  l e v z l  i n  t h e  f u e l  t a n k  
was determined from a h igh-pressu  'e s i g h t  glass. Liquid  f u e l  was d c l i v s r e d  
th rough  a 0.95 cm- (0.375-in .-) diameter  l i n e  c o n t a i n i n g  a  manual i s o l a t i o n  
v a l v e ,  remote i s o l a t i o n  v a l v e ,  13-micron f 11 t e r  , t u r b i n e  f l o m e t e r  , and 
remote meter ing  v a l v e  f o r  f low c o n t r o l .  Valve p o s i t i o n i n g  was c o n t r o l l e d  
and monitored i n  t h e  blockhouse.  Fue l  t empera tu re  and p r e s s u r e ,  and t u r -  
binemeter  h e r t z  were used by t h e  d a t a  system t o  c a l c u l a t e  f u e l  mass f l o w  
f o r  con t inous  d i s p l a y  and d i g i t a l  d a t a  r eco rd ing .  The d a t a  system a l s o  
c a l c u l a t e d  and d i s p l a y e d  a i r - t o - f u e l  mass f l o w  r a t i o  and e q u i v a l e r ? ~ ~  r a t i o .  
D. FUEL VAPORIZER AND CONDENSER LOOP 
An e l e c t r i c a l  h e a t e r  was used t o  v a p o r i t e  t h e  f u e l  b e f o r e  i n j e c t i o n  
i n t o  t h e  f lowing  a i r  s t ream.  The vaporizei* c o n s i s t e d  o f  a  10.2-cm- (4.0-  
i n  .-) diameter  by 3 6 . 6 - a -  (14.4-in .-) long aluminum c y l i n d s r  hea t ed  by 
f o u r  2.5-kW e l e c t r i c a l  r e s i s t a n c e  elements .  T h i r t e e : ~  t u r n s  o f  f u e l  l i n e  
were c o i l e d  around t h e  aluminum c o r e  and i n s u l a t e d  wi th  a F i b e r f r a x  ceramic  
f i b e r  b l anke t .  A shee t -me ta l  housing provided weather  p r o t e c t i o n .  The 
v a p o r i z e r  h e a t e r  power was c o n t r o l l e d  by motor -dr iven  Powers ta t  Model No. 
60 MB-1256-DT-2s w i th  t h e  i n p u t  v o l t a g e  and c u r r e n t  monitored i n  t h e  Slock- 
house.  A c o n t r o l l e r  l i m i t  s w i t c h  i n  t h e  h e a t e r  c i r c u i t ,  t r i 6 ~ e r e d  by a  
thermocouple measuring c o r e  t empera tu re ,  was used t o  p reven t  o v e r h e a t i n g  
of t h e  v a p o r i z e r .  
A f u e l  condenser  l oop  was used t o  p reven t  t h e  exhaus t ing  of vapor i zed  
f u e l  i n t o  t h e  atmosphere du r ing  p r e t e s t  warm-up and syst.om s t c b i l l z a t i o n .  
I n  t h e  wcondenserw p o s i t i o n ,  a  remote ly-opera ted  t b r ~ c - .  J Z ,  f u e l  mixer  v a l v e  
d i r e c t e d  t h e  vapor ized  f u e l  i n t o  a watzr-cooled h e a ~  . . G I I ~ .  ger,  where most 
o f  t h e  f u e l  was r e l i q u i f i e d  and co l lec t ,ed  i n  a  s tor r ige  tank  I'rji l a t e r  Jis- 
p o s a l .  The noncondensables  were vented throuph che c o l l s c t , o r  t a n k  hr-d passed 
a long  t o  t h e  bur.1 s t a c k .  With t h e  three-way f u e l  mixer  v a l v e  ene rg i zed  i n  
t h e  "run" position, t h e  vapor ized  f u e l  was d i r e c t e d  t o  t h e  f u e l  and a i r  
i n d u c t i o n  system. 
E. FUEL AND A I R  INDUCTION SYSTEM 
A 4.9-rn (16 - f t - )  long  i n d u c t i o n  system c o n s i s t i n g  of  10.2-cm- 
(4- in . - )  d iameter  s t a n d a r d  weight  p ipe  and f i t t i n g s  was used t o  a s s u r e  
thorough mixing o f  t h e  vapor i zed  f u e l  and a i r  i n  t h e  d e t c n a t i o n  run-up 
p ip ing .  Fuel  ws i n j e c t e d  a t  t h e  s t a r t  o f  t h i s  p ipe  run through t h e  
seven-tube manifold shown i n  F i g u r e  3-2. Each t u b e  d i s c h a r g e d  i n t o  an  
equal. p o r t i o n  o f  t h e  c r o s s - s e c t i o n a l  f l ow  a r e a  o f  t h e  p ipe .  I n i t i a l l y  
it was pos i t i oned  t o  i n j e c t  t h e  f u e l  vapc r  i n  t h e  doxnstream d i r e c t i o n ,  
bu t  was l a t e r  r eve r sed  t o  i n j e c t  upstream a g a i n s t  t h e  f low o f  a i r  t o  
improve the  f u e l - t o - a i r  d i s t r i b u t i o n .  A four-element  Komax t r i p l e - a c t i o n  
mo t ion le s s  mixer  was i n s t a l l e d  downstream o f  t h e  i n j e c t o r  f o r  a d d i t i o n a l  
t u r b u l e n t  mixing. Th i s  was fo l lowed by a 90-deg t u r n  i n  f low through t 
pipe  t e e  c o n t a i n i n g  a low-pressure  r u p t u r e - d i s c  assembly  i n  one branch  
and a one-way flow check v a l v e  i n  t h e  o t h e r  branch.  A gas-sample c o l l e c t i o n  
r ake  was l o c a t e d  f u r t h e r  downstream, j u s t  ahead of  two a d d i t i o n a l  p ipe  
Flgure 3-2. Vaporized Fuel f njector Manifold 
tees containing law-pressure rupture-disc assemblies. The induction 
system was ternhated by a remotely-operated high-pressure isolation 
*rilve at the inlet to the detonation test pip ing .  A photograph of the 
combind air, fuel, vaporizer, condenser, and induction systems is shorn 
i n  Figure 3-3 
F. DETONATION TEST PIPING 
Most cf the pip ing ,  structural supports, and components used in  the 
detonat im test system were obtained frun the JPL-Pasadena shock-tube 
f a c i l i t y .  The piping  was made from heavy-walled stainless-steel tubes 
that were bored, honea, and polished to a 15.32-em (6 .03- in.  internal 
diameter with  a very smooth finish. Special extra-strong stainless-steel 
flanges, with 0-rirlg seals, were used So join the pipe section. These 
flanges were d r i l l e d  w i t h  an eight-bolt hole pattern that required an 
a d a ~  ;er p l a t e  for mating with the twelve-bolt hcle pattern i n  the standard 
extra-strong 15 - 2 -a -  ( b i n  .-) diameter pipe flanges used on the newly- 
fabricated test cmponents . 
The upstream end of the detonation t es t  piping began with a 15.2-a- 
(6- in.-]  diameter extrb-strong p i p e  tee mourr5ed in a th rus t  support stand 
bolted to a concrete foundation slab to absorb the a x i a l  force of the  
detonation. The induction system p i p i n g  was attached to t h e  side branch 
of t h e  inlet  tee and a high-pressre r u p t u r e - d i s c  assembly was mounted 
on the upstream branch. A f low straightener made Cram a spiral-wound, 
crimped stainless-steel ribbon assembly i5.2 rm I6 i n . )  !.n diameter by 5.08 
cm (2 in.) long, ahom i n  Figure 3-4, was mount& on the downstream branch 
of t h e  tee at the i n l e t  t o  the i g n i t i o n  section I lo. 1 of Figure 3-1 1 . 
T h i s  flov straightener was later changed to 3 Shand and Jurs spiral-wound, 
crimped alnmainim ribbon flame arrester for the f inal  phase of testing 
performed under conditions of continuous mixture flaw. All of the 
detonation teat p i p i n g  mounted downstream of the thrLlst stand wer2 
supported by a pair of overhead I-beams with  trolley hangers and saddles 
for  easy servicing and f l e x i b i l i t y  in mqking various piping arrangements. 
The number of pipe s e c t i o n s  used and t h e i r  o rde r  o f  i n s t a l l a t i o n  depended 
on t h e  s p e c i f i c  test requirements.  The t o t a l  number o f  shock-tube piping 
s e c t i o n s  a v a i l a b l e  was e leven ,  which provided a t o t a l  assembly l e n g t h  o f  
31.5 m (103.5 f t ) .  A b r i e f  d e s c r i p t i o n  o f  t h e  v a r i o u s  shock-tube pipe  
s e c t i o n s  shown schemat ica l ly  i n  Figure  3-1, t h e i r  normal f u n c t i o n ,  and 
ins t rumenta t ion c a p a b i l i t i e s  follow: 
( 1 )  I g n i t i o n s e c t i o n  (No. 1) :  one piece  1 . 6 8 m ( 5 . 5  f t )  long 
conta ining the  hydrogen-air-spark i g n i t e r ,  two flame s e n s o r s ,  
and one temperature sensor .  
(2)  Flame s t a b i l i z a t i o n  s e c t i o n  (No. 2 ) :  one p iece  3.05 m (10 
ft  .) long con ta in ing  two flame sensors .  
(3 )  Run-up s e c t i o n s  (No. 3, No. 4 ,  and No. 5 ) :  t h r e e  p ieces  each 
4.57 m (15 f t )  long con ta in ing  an expanded metal tube  l i n e r  
t o  genera te  tu rbu lence  in the  propagating flame. No 
ins t rumenta t ion p o r t s  were a v a i l a b l e  i n  these  s e c t i o n s  . 
4 V e r i f i c a t i o n  s e c t i o n s  (No. 6 ,  No. 7 ,  and No. 8 ) :  t h r e e  
p ieces :  one 3.05 m (10 f t )  long wi th  two flame s e n s o r s  and 
two pressure  sensors ,  one 1 .52 m ( 5  f t )  long wi th  two flame 
s e n s o r s  and two p ressure  s e n s o r s  added l a t e r  i n  t h e  program, 
and one 1.83 rn ( 6  f t )  long with two flame s e n s o r s ,  two 
p ressure  s e n s o r s ,  one temperature sensor ,  and one pres- 
s u r e  por t  f o r  t e s t  s e c t i o n  upstream d i f f e r e n t i a l  p r e s s u r e  
measurement. 
( 5 )  Test  s e c t i o n  (No. 9): one piece  3.05 m (10 f t !  lon; wi th  no 
ins t rumenta t ion.  This  s e c t i o n  was replaced with th t  
experimental  de tona t ion  a r r e s t e r  dur ing  e v a l u a t 4 0 n  tests. 
(6) Witness s e c t i o n  (No. 10) :  one piece  1.52 m (5 f t )  long wi th  
two flame sensors ,  two p ressure  s e n s o r s ,  one temperature 
sensor ,  and one p ressure  por t  f o r  the  t e s t  s e c t i o n  downstream 
d i f f e r e n t i a l  p ressure  measurement. 
( 7 )  Extension s e c t i o n  (No. 7 1 ) :  one piece  2.13 m (7 f t )  long 
with no instrument p o r t s ,  used t o  minimize the  amount o f  
ambient l i g h t  e n t e r i n g  the  wi tness  s e c t i o n .  
Two a d d i t i o n a l  extension s e c t i o n s  (No. 12 and No. 131, each 6.8 m (22.4 f t  
long and made from s tandard weight 15.2-cm- (6-in.-)  diameter p ipe ,  were 
added l a t e r  f o r  the  f i n a l  t e s t  phase. 
The e x i t  g a s  sample rake was normally i n s t a l l e d  between the  f l a n g e s  
of thk wi tness  s e c t i o n  and t h e  extension sec t ion .  Ind iv idua l  f u e l /  a i r  
mixture samples were c o l l e c t e d  f o r  l a b o r a t o r y  a n a l y s i s  a t  t h i s  l o c a t i o n  
o r  a continuous sample was fed d i r e c t l y  i n t o  the  on-s i t e  hydrocarbon 
g a s  ana lyze r  descr ibed i n  the  next  s e c t i o n  of  t h i s  r e p o r t .  I n  e i t h e r  
c a s e ,  the  sample l i n e  was closed-off  by a remotely opera ted v a l v e  10 
seconds before the  de tona t ion  t e s t  t o  p r o t e c t  the  c o l l e c t i o n  system 
from poss ib le  high-pressure shock waves. For t h i s  same reason,  t h e  
Figure 3-3. Combined Air, Fuel, Vaporizer, Condenser, and 
I n d u c t i o n  Systems on B-Stand 
Figwe 3-4, Spiral-Mound , Crimped Stainless-  
Steel, Ribbon Air Flow Straightener 
h1ghL y sensit ive pressure transducers used t o  measure the air- flow 
pressure loss across the test  section arrester before and after each 
detonation test wef e also isolated by remotely operated valves. 
The hydrogen-air-spark igniter i n s t a l l a t i o n  shorn in Figure 3-5 
consisted of two insulated high-vol tage electrodes, Auburn Model 1-28, 
extending i n t o  the center of t h e  flowing stream from opposite sides of 
the i g n i t i o n  section pj p . A spark gap of 0 -24 cm (0.094 in. was main- 
tained between the  YO electrodes. Pouer f ~ r  the spark igniter was obtained 
f rm a idebster Model 312 high-voltage transformer having a 120-vac, 2.2- 
A ,  60-HZ primary and a 10,000-vac, 0.023-A secondary. Directly upstream 
of the electrodes, a small injector head discharged a stoichimetric 
mixture of hydrogen and air through the spark gap. The flaw of hydrogen 
and air could be be adjusted to  suit the i gn i t i on  energy required by the 
fuel/air mixture flow conditions. The initiation of spark current and 
the operation of the hydrogen and air solenoid-operated valves were a l l  
controlled simultaneous1 y by a preset sequence timer to  assure accurate 
and repeatable ignitkon t i m i n g .  The igniter "on-timen was normally set a t  
500 ms, but was later reduced t o  180 ms during the f ina l  phase of testing. 
Figure 3-5.  Hydrogen-Air-Spark Igniter 
Installation 
SECTION I V  
INSTRUMENTATION AND CONTROLS 
A.  GENERAL DESCRIPTION 
The p o t e n t i a l l y  hazardous n a t u r e  of  de tona t ion  t e s t i n g  requ i red  t h a t  
a l l  ins t rumenta t ion  and c o n t r o l s  be remotely opera ted and monitored. Tes t  
system parameters were measured a t  t h e  test site using e l e c t r i c a l  t r ~ a n s d u c e r s  
with t h e i r  s i g n a l s  conducted t o  the  blockhouse f o r  cond i t ion ing ,  r ecord ing ,  
and d i sp lay .  Location and i d e n t i f i c a t i o n  of  a l l  t h e  p r i n c i p l e  instrumenta- 
t i o n  parameters and c o n t r o l s  a r e  shown i n  Figure  3-1. Table 4-1 is  a 
l i s t i n g  of  the  nomenclature f o r  ins t rumenta t ion  and c a l c u l a t e d  parameters.  
Tes t  system parameters were d ivided i n t o  two groups: ( 1 )  s teady-  
s t a t e  (low-speed) d a t a  and (2)  t r a n s i e n t - s t a t e  (high-speed) d a t a .  Steady- 
s t a t e  d a t a  inc ludes  a l l  t h e  measured and c a l c u l a t e d  parameters f o r  t h e  
a i r  system, f u e l  system, f u e l  vapor ize r  and condenser loop,  f u e l  and a i r  
induc t ion  system, hydrocarbon g a s  a n a l y z e r ,  and the  pre- and p o s t t e s t  
p ressure  l o s s  measured a c r o s s  the  t e s t  a r r e s t e r .  T r a n s i e n t - s t a t e  d a t a  
inc ludes  t h e  measured and c a l c u l a t e d  flame v e l o c i t i e s  and peak p r e s s u r e s  
developed i n  t h e  f a c i l i t y  p iping dur ing  t h e  t r a n s i t i o n  from d e f l a g a t i o n  
t o  de tona t ion  and t h e  success  o r  f a i l u r e  o f  t h e  de tona t ion  flame a r r e s t e r .  
S teady-s ta te  d a t a  was recorded and c a l c u l a t e d  on t h e  JPL-developed In tegra -  
t ed  D i g i t a l  Acquis i t ion and Cont ro l s  System ( I D A C ) .  T r a n s i e n t - s t a t e  d a t a  
was recorded on two high-frequency FM tape  r e c o r d e r s  and played back on 
an c3c i l lograph  a t  an expanded t ime s c a l e .  Flame v e l o c i t i e s  and peak 
p ressures  were manually sca led  and c a l c u l a t e d  frm t h e  o s c i l l o g r a p h  t r a c e s .  
A l l  c r i t i c a l  c o n t r o l  f u n c t i o n s  were e i t h e r  manually posi t ioned on 
the  con t ro l  console o r  a u t r m a t i c a l l y  opera ted by t h e  p r e s e t  sequence t imer .  
These o p e r a t i o n s  were s e l e c t i v e l y  recorded using c o n t a c t  c l o s u r e s  on I D A C ,  
E'M tape, o r  a second high-speed osc i l lograph .  Th i s  l a t t e r  o s c i l l o g r a p h  
a l s o  recorded s e v e r a l  important  f a c i l i t y  parameters t o  provide a t ime 
h i s t o r y  of the  t e s t  f a c i l i t y  o p e r a t i o n s  dur ing  de tona t ion  f i r i n g s  t h a t  
could be used t o  diagnose any malfunct ions  o r  unusual i n c i d e n t s .  
Two s t r a t e g i c a l l y - p l a c e d  t e l e v i s i o n  cameras, wi th  d i s p l a y s  i n  
t h e  blockhouse, monitored t h e  f u e l  systems a r e a  and t h e  t e s t  s e c t i o n  
piping dur ing t e s t  opera t ions .  A motion p i c t u r e  camera a l s o  recorded 
any even t s  a t  the  t e s t  s e c t i o n  dur ing a c t u a l  t e s t  f i r i n g s .  Visual  
coverage and c o n t r o l l e d  access  t o  t h e  t e s t  a r e a  were maintained by a 
s a f e t y  monitor i n  an observat ion tower loca ted  over the  blockhouse. 
B. STEADY -STATE DATA 
Air-mass f low was c a l c u l a t e d  from measurements made on a Meriam 
LFE Model 50 MC2-4 flowmeter. A Statham Model PL 280 TC pressure  t r ans -  
ducer was used t o  measure the  upstream t o t 2 1  p ressure ,  and a Statham 
model PM 5 TC pressure  t ransducer  was used t o  measure the  d i f f e r e n t i a l  
pressure  a c r o s s  t h e  f low element.  Air temperature was measured with 
a Thermo-Electrical Model K18G-1600 chromel-alumel thermocouple. 
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kN/m2 ( psig) 
kN/m2 (psig) 
kN/m2 (psig) 
k ~ / r n ~  (psig) 
k ~ / m ~  (psig) 
kN/m2 (psig) 
kN/m2 ( psig) 
kN/m2 (psig) 
Air flowmeter i n l e t  pressure 
Air flowmeter d i f fe ren t ia l  pressure 
Air flowmeter temperature 
Fuel tank pressure 
Fuel tank temperature 
Fuel tank dome loader pressure 
Fuel l i ne  pressure 
Fuel l i ne  temperature 
Fuel f lowmeter frequency 
Fuel vaporizer out le t  pressure 
Fuel vaporizer out le t  temperature 
Fuel vaporizer core temperature 
Fuel injector i n l e t  temperature 
Fuel/air mixer oni t le t  pressure 
Fuel/air mixer out le t  temperature 
Fuel condenser i n l e t  temperature 
Fuel condenser out le t  temperature 
Coolant water i n l e t  temperature 
Coolant water out le t  temperature 
I n l e t  tee pressure 
In le t  tee temperature 
Ignition section temperature 
Test section in le t  pressure 
Test section d i f fe ren t ia l  pressure-pretest 
Test section d i f fe ren t ia l  pressure-posttest 
Test area ambient pressure 
Test section exi t  temperature 
Test section to ta l  hydrocarbon analysis 
Ignition section i n l e t  flame sensor 
Ignition section ex i t  flame sensor 
Stabil izer  section i n l e t  flame sensor 
Stabi l izer  section ex i t  flame sensor 
Verification sec. No. 6 i n l e t  flame sensor 
Verification sec. No. 6 ex i t  flame sensor 
Verification sec. No. 7 i n l e t  flame sensor 
Verification sec. No. 7 ex i t  flame sensor 
Verification sec. No. 8 i n l e t  flame sensor 
Verification sec. No. 8 exi t  flame sensor 
Witness section i n l e t  flame sensor 
Witness section ex i t  flame sensor 
Verification sec. No. 6 i n l e t  pressure 
Verification sec. No. 6 exi t  pressure 
Verification sec. No. 7 i n l e t  pressure 
Verification sec. No. 7 ex i t  pressure 
Verification sec. No. 8 i n l e t  pressure 
Verificat'm sec. No. 8 ex i t  pressure 
Witness sect  ion i n l e t  pressure 
Witness section ex i t  pressure 
Table  4-1. Ins t rumenta t ion  and Calcula ted  Tes t  Parameters Nomenclature 
( Continuation 1 ) 
Calcula ted  Uni t s  
Parameters S. I. (Engr . ) Descr ip t ion  
MA kg/ h ( l b /  h) A i r  mass f low 
MF kg/h ( l b / h )  Fuel  mass f low 
A/ F r a t i o  A i r  mass flow t o  f u e l  mass flow r a t i o  
0 r a t i o  Equivalence r a t i o  
V A m / s  ( f t / s e c )  Air flow v e l o c i t y  through 15.2-cm- (6.0-in .-1 
diam. p ipe  
Fuel-mass f low was c a l c u l a t e d  using measurements maae with a Cox Model 
LF-G-1 t u r b i n e  flow meter t o  determine volumetr ic  f low, a Taber Model 206 
p r e s s u r e  t ransducer  measured f u e l  p r e s s u r e ,  and a Thermo-Electrical  Model 
K18G-1600 chromel-alumel thermocouple measured f u e l  temperature.  Fuel  
p r e s s u r e  and temperature were used t o  d e t m n i n e  f u e l  d e n s i t y  from s tandard 
t a b l e s  s t o r e d  in  t h e  computer memory. 
The a i r - t o - f u e l  mass r a t i o  and equivalence  r a t i o  i n  the  induc t ion  
system were determined from t h e  c a l c u l a t e d  air-mass flow and fuel-mass 
f low noted above. The equivalence  r a t i o  of  t h e  a i r  and f u e l  mixture  pas- 
s ing  through t h e  t e s t  a r r e s t e r  and i n t o  the  wi tness  s e c t i o n  was determined 
by a g a s  samplt  fed d i r e c t l y  i n t o  an on- l ine  t o t a l  hydrocarbon g a s  ana lyze r .  
A d e t a i l e d  d e s c r i p t i o n  of  t h i s  system and t h e  method o f  c a l c u l a t i o n  is 
presented l a t e r  i n  t h i s  s e c t i o n .  
Operating p ressures  i n  t h e  f u e l  vapor ize r  and condenser loop and 
t h e  f u e l / a i r  mixer were measured with Taber Model 217 p r e s s u r e  t r ansducers .  
Temperature measurements i n  t h e  vapor ize r  f u e l  o u t l e t  l i n e ,  f u e l  i n j e c t o r  
l i n e ,  f u e l l a i r  mixer,  and f u e l  condenser loop  were a l l  made with chromel- 
alumel thermocouples. 
Pre- and p o s t t e s t  p ressure  l o s s  measured a c r o s s  the  t e s t  a r r e s t e r  
were made wi th  a i r  only  flowing through the  f a c i l i t y  piping.  The upstream 
t o t a l  p ressure  was measured with a Statham Model PL 280 TC p r e s s u r e  
t ransducer  and t h e  d i f f e r e n t i a l  p ressure  a c r o s s  the  a r r e s t e r  was measured 
with a Statham Model PM 80 TC p ressure  t r ansducer .  
A l l  of the  preceding p ressure  measurements were made u s i r g  e i t h e r  
gage-type p ressure  t r ansducers  o r  d i f f e r e n t i a l  p ressure  t r ansducers  with 
t h e  low s i d e  vented t o  ambient p ressure .  To conver t  t h e s e  measurements 
t o  an abso lu te  p ressure  l e v e l ,  t h e  barometric p ressure  had t o  be added. 
Local barometric pressure  was obta ined from the  weather s t a t i o n  a t  Edwards 
Air Force Base. A Taber Model 254 a b s o l u t e  p ressure  t r ansducer  i n s t a l l e d  
a t  the  t e s t  s tand was ad jus ted  t o  read t h i s  va lue  o f  barometric p ressure  
a t  t h e  beginning of each t e s t  s e r i e s .  The I D A C  computer program used 
t h i s  l o c a l l y  varying barometric p ressure  inpu t  f o r  a l l  c a l c u l a t i o n s .  
C . TRANSIENT-STATE DATA 
The de tona t ion  f a c i l i t y  pipinq flame s e n s o r s  were DuMont Type 6291, 
10-stage m u l t i p l i e r  phototubes with f l a t  end-window photo cathodes .  These 
ins t ruments  have an average luminous s e n s i t i v i t y  of 60 A / l m  and a s p e c t r a l  
response f'rm 3500 A t o  5850 A with  maximum response a t  4400 6 0 0  A .  The 
blue-colored s t o i c h i o m e t r i c  hydrocarbon/air  flame f a l l s  we l l  wi th in  t h i s  
response range.  These o p t i c a l  sensors  have been s u c c e s s f u l l y  used i n  t h e  
JPL shock-tube f a c i l i t y  f o r  many y e a r s  t o  d e t e c t  very-high-velocity shock 
waves genera ted by a high-capacitance a r c  d i scharge  d r i v e r .  The phototube 
viewing por t  was const ructed wi th  f r o n t  and r e a r  c o l l i n a t l n g  s l o t s  1.27 cm 
(0.50 i n . )  h igh by 0.013 cm (0.005 i n . )  wide, separa ted  a t  a d i s t a n c e  o f  
7.62 cm (3.0 i n .  1. These s l o t s  l i m i t  t h e  amount o f  l i g h t  t h a t  reaches  t h e  
phototubes and e l i m i n a t e  r e f l e c t e d  beams. The r e s u l t  is a very  s h a r p  s i g n a l  
wi th  a r i s e  t ime response on t h e  o rde r  o f  microseconds,  which was requ i red  
f o r  shock-wave v e l o c i t y  de te rmina t ion .  The flame sensor  s l o t s  r equ i red  
on ly  minor modi f i ca t ions  f o r  t h e  deflagration-to-detonation flame v e l o c i t y  
measurements. 
There were t h r e e  d i s t i n c t  flame i n t e n s i t y  s e c t i o n s  i n  t h e  de tona t ion  
piping.  In  t h e  i g n i t i o n  s e c t i o n  (No. 1 )  and s t a b i l i z a t i o n  s e c t i o n  (No. 2), 
flame i n t e n s i t y  was weak; however, t h e  flame v e l o c i t y  was beginning t o  
a c c e l e r a t e .  It was necessary  t o  remove t h e  r e a r  c o l l i m a t o r  s l o t  from t h e  
viewing por t  and t o  inc rease  t h e  a m p l i f i c a t i o n  g a i n  t o  record a good s i g n a l .  
I n  the  v e r i f i c a t i o n  s e c t i o n s  (No. 6 ,  No. 7 ,  and No. 8 )  t h e  de tona t i an  flame 
was very i n t e n s e ,  with a v e l o c i t y  of  around 1800 m / s  (5900 f t / s ) .  Both 
f r o n t  and r e a r  s l o t s  were used i n  the  viewing p o r t s  and t h e  a m p l i f i e r  g a i n  
was normally low. The t h i r d  region was t h e  wi tness  s e c t i o n  (No. 10) .  
Here it was important  t o  d e t e c t  any flame t h a t  may have penetra ted  the  
de tona t ion  a r r e s t e r ;  t h e r e f o r e ,  t h e  r e a r  s l o t  was removed fram t h e  viewing 
p o r t s  and the  a m p l i f i e r  ga in  was high.  
High-response pressure  sensors  were i n s t a l l e d  d i r e c t l y  oppos i t e  t h e  
f lame sensors  i n  two v e r i f i c a t i o n  s e c t i o n s  (No. 6 and No. 8 )  and i n  the  
wi tness  sec t ion .  These were PBC P iezo t ron ic  Model 113 AP q u a r t z - c r y s t a l ,  
high-frequency p ressure  t r ansducers  flush-mounted t o  the  i n s i d e  wall o f  
the  pipe. They were capable o f  measuring peak p ressure  l e v e l s  up t o  
20,700 k ~ / m ~  (3000 p s i )  wi th  a frequency response  o f  100,000 Hz f o r  the  
advancing and r e f l e c t e d  de tona t ion  shock waves. PBC Model 402 i n - l i n e  
a m p l i f i e r s  were i n s t a l l e d  with t h e  p ressure  t r ansducers  t o  d r i v e  t h e  
s i g n a l s  over t h e  long t ransmiss ion l i n e s  t o  the  blockhouse. 
During the  l a s t  two phases of  t h e  t e s t  program, t h e  two q u a r t z - c r y s t a l  
pressure  t r ansducers  i n  the  wi tness  s e c t i o n  were re loca ted  upstream t o  unused 
p o r t s  i n  t h e  v e r i f i c a t i o n  s e c t i o n  (No. 7 ) .  In  t h e i r  p l a c e ,  two Statham Model 
PG 856 G bonded strain-gage-type p ressure  t r ansducers  were i n s t a l l e d  i n  t h e  
wi tness  s e c t i o n .  These lower-rsnge ins t ruments  provided higher  accuracy i n  
measuring the  peak-pressure p u l s e s  passing through t h e  a r r e s t e r  from an 
a r r e s t e d  de tona t ion  flame. 
A 100-Hz coded time pulse  and the  spark  i g n i t e r  c u r r e n t  were recorded 
on both  high-frequency FM t ape  r e c o r d e r s  and t h e  on- l ine  o s c i l l o g r a p h .  
These s i g n a l s  were used a s  r e fe rence  p o i n t s  f o r  t e s t  i n i t i a t i o n  and t ime 
c o r r e l a t i o n  between recorders .  Typical  examples o f  t r a n s i e n t - s t a t e  d a t a  
from the  M t a p e  r e c o r d e r s  played back on an o s c i l l o g r a p h  with an expanded 
time base of 32 t o  1 a r e  shown i n  Figure  4-1. 
D. GAS-SAMPLE ANALYSIS SYSTEM 
A gas-sample analyzer  was i n s t a l l e d  a t  the  t e s t  site t o  provide an  
on- l ine  i n d i c a t i o n  o f  t h e  g a s o l i n e  and a i r  mixture  flowing through t h e  
test s e c t i o n  piping.  The l a b o r a t o r y  a n a l y s i s  method using i n d i v i d u a l  
gas-sample c y l i n d e r s ,  t h a t  was used f o r  propane and a i r  mixtures  dur ing  
the  f a c i l i t y  check o u t ,  was too  slow and c o s t l y  f o r  r o u t i n e  t e s t i n g .  
The l a b o r a t o r y  a n a l y s i s  method, however, d i d  provide an accura te  v e r i f i -  
c a t i o n  o f  t h e  ins t rumenta t ion  measurements f o r  on-l ine c a l c u l a t i o n s  of 
a i r  flow and f u e l  flow. It a l s o  demonstrated the  e f f e c t i v e n e s s  o f  t h e  
vaporized f u e l  i n j e c t i o n  and mixing techniques  by showing t h a t  very  l i t t l e  
o f  t h e  vaporized propane condensed on t h e  co ld  walls o f  the  t e s t  system 
piping.  This was not  t h e  c a s e  wi th  vaporized g a s o l i n e  and air mix tu res  
because o f  t h e  lower condensation temperature o f  g a s o l i n e .  The amount 
o f  g a s o l i n e  vapor t h a t  would be condensed was a func t ion  of  many v a r i a b l e s  
inc lud ing  : ambient a i r  temperature ,  vaporized f u e l  temperature ,  fuel-and- 
a i r - f low r a t e s ,  equivalence  r a t i o ,  and p r e t e s t  run-in time. To a s s u r e  t h a t  
a combustible mixture  would be flowing through t h e  t e s t  a r r e s t e r  a t  t h e  
time of  i g n i t i o n ,  an on-l ine t o t a l  hydrocarbon g a s  analyzer  was requ i red .  
The gas-analyzer system was designed t o  use a c  e x i s t i n g  Beckman Model 
400 hydrocarbon ana lyze r  instrument.  Th i s  ana lyze r  au tomat ica l ly  and con- 
t i n u o u s l y  measures the  concen t ra t ion  o f  hydrocarbons i n  a flowing g a s  sample, 
u t i l i z i n g  the  flame i o n i z a t i o n  method of  d e t e c t i o n .  A premixed f u e l  g a s  
c o n s i s t i n g  of  40% hydrogen (H2) and 60% n i t r o g e n  (N2) was used t o  o b t a i n  
the  a n a l y z e r ' s  h ighes t  r a t e d  hydrocarbon s e n s i t i v i t y  of 10% methane (CH4) 
equivalenf?e.  For propane (C3H8), t h i s  s e n s i t i v i t y  is  reduced t o  1/3 o r  3.3% 
CH4 equivalence  because of  the  g r e a t e r  number of  carbon atoms per  molecule. 
Ths precentage of  propane i n  the  f u e l / a i r  mixture a t  an equivalence  
r a t i o  ( 0 )  of 1.0 is about 4.0%. A t  t h e  e s t a b l i s h e d  s tandard t e s t  con- 
d i t i o n ,  where the  equivalence  r a t i o  is 1.1, t h e  percentage o f  propane is 
about 4.4%. I n  e i t h e r  c a s e ,  t h e  percentage of  hydrocarbons i n  the  t e s t  
sample t o  be analyzed is beyond t h e  dpper range o f  t h e  Beckman ana lyze r .  
The t e s t  sample had t o  be d i l u t e d  with a known amount o f  a i r  t o  be wi th in  
t h e  measurement range.  
A 2% C3H8 + N2 g a s  mixture  was s e l e c t e d  as t h e  c a l i b r a t i o n  span g a s  
t o  ad j u s t  the  g a s  ana lyze r  t o  read 50% of  f u l l  s c a l e .  A second c a l i b r a t i o n  
g a s  con ta in ing  4% C3Hg + N2 was d i l u t e d  by an air mixing system with  one 
p a r t  a i r  t o  one p a r t  g a s  mixture  so  t h a t  i t  would a l s o  read 50% of  f u l l  
s c a l e .  Using the  same d i l u t i o n  r a t i o ,  a 4.4% C3H8 p l u s  a i r  t e s t  sample 
g a s  mixture  would record about 56% of  f u l l  s c a l e  on the  g a s  ana lyze r .  
The Indolene HO I11 c l e a r  g a s o l i n e  used i n  t h i s  t e s t  program was 
analyzed t o  have a t o t a l  carbon- to-hydrogen r a t i o  of  1.93 ( CHI 93 ) . I n  
c a l c u l a t i n g  a s t o i c h i o m e t r i c  a i r - t o - f u e l  r a t i o  it was assumed t h a t  t h e  
g a s o l i n e  has a s i m p l i f i e d  molecular s t r u c t u r e  con ta in ing  8 carbon molecules 
o r  a chemical formula of  C8H15 44. The balanced chemical equat ion f o r  




















































































































The s t o i c h i o m e t r i c  a i r  to f u e l  r a t i o  (A/F) on a weight  b a s i s  was c a l c u l a -  
t e d  t o  be 14.62 (0 = 1 . 0 ) .  For t h e  s t a n d a r d  test c o n d i t i o n  ( 0  = 1.11 ,  
A/F = 13.29 dnd t h e  pe rcen tage  o f  g a s o l i n e  i n  air is  1.92%. Using t h e  
2$ C Ha + N2 c a l i b r a t i o n  g a s  t o  span t h e  a n a l y z e r  t o  50% o f  f u l l  s c a l e  
and 3 he same one-to-one a i r  d i l u t i o n  r a t e  f o r  t h e  gaso l ine -and -a i r  m i x t u r e  
sample ,  t h e  carbon r a t i o  between propane and g a s o l i n e  is 3 t o  8, which 
should  g i v e  an a n a l y z e r  r e a d i w  o f  64% o f  f u l l  s c a l e .  
A s i g n i f i c a n t  amount o f  vapor i zed  g a s o l i n e  w i l l  condense o u t  o f  
t h e  f l owing  m i x t u r e  o n t o  t h e  co ld  walls o f  t h e  t e s t  f a c i l i t y  p ip ing .  kn 
ex t r eme ly  r i c h  f u e l  mix tu re  would be r e q u i r e d  at  t h e  upstream i n j e c t i o n  
s e c t i o n  t o  p rov ide  t h e  i d e a l  m i x t u r e  (0  = 1.1)  a t  t h e  downstream t e s t  
s e c t i o n .  It was d o u b t f u l  t h a t  a f u e l - r i c h  m i x t u r e  a t  t h e  upstream i g n i t i o n  
l o c a t i o n  would r e s u l t  i n  t h e  r a p i d l y  a c c e l e r a t i n g  f lame needed t o  produce 
a d e t o n a t i o n .  On t h e  o t h e r  hand, any  g a s o l i n e  condensed on t h e  p i p i n g  
w a l l s  should  be r eevapora t ed  by t h e  p ropaga t ing  f lame f r o n t  and e n t e r  i n t o  
t h e  combustion p r o c e s s .  It was determined  t o  m a i n t a i n  t h e  i d e a l  mix tu re  
r a t i o  a t  t h e  p o i n t  o f  i n j e c t i o n ,  and moni tor  t h e  test s e c t i o n  s x i t  f o r  
ev idence  o f  a combus t ib l e  mix tu re .  The lower  f l a m a b i l i t y  l i m i t  o f  g a s o l i n e  
a t  t h e  nominal t e s t  c o n d i t i o n  would be an A/F = 20.89 (0  = 0.71,  and 
t h e  g a s  a n a l y z e r  should  read  41% o f  f u l l  s c a l e .  
The hydrocarbon g a s  a n a l y z e r  was l o c a t e d  as ? l o s e  t o  t h e  t e s t  s e c t i o n  
e x i t  a s  p r a c t i c a l ,  t o  minimize r e sponse  time. It was p laced  i n  a  s t e e l -  
wal led  p r o t e c t i v e  e n c l o s u r e ,  which u n f o r t u n a t e l y  had no p r o v i s i o n  f o r  t he rma l  
c o n t r o l .  Although t h e  Beclanan Model 400 a n a l y z e r  has  an i n t e r n a l  c o n t r o l l e r  
f o r  m a i n t a i n i n g  t h e  d e s i r e d  40°C (120°F) o p e r a t i n g  t empera tu re  under normal 
l a b o r a t o r y  c o n d i t i o n s ,  it was d o u b t f u l  t h a t  i t  cou ld  accommodate t h e  broad 
range  o f  t empera tu re s  t o  be exper ienced  on t h e  t e s t  s i t e .  The a b s o l u t e  
accu racy  of  t h i s  i n s t rumen t  was n o t  de te rmined;  however, a  1-to-2% z e r o  
s h i f t  was n o t i c e d  d u r i n g  t h e  morning,  midday, and l a t e - a f t e r n o o n  c a l i b r a t i o n s .  
Used p r i m a r i l y  a s  an i n d i c a t o r  f o r  t h e  e x i s t e n c e  o f  a  combus t ib l e  mix tu re  
i n  t h e  t e s t  s e c t i o n ,  a g a s o l i n e  and a i r  t e s t  f i r i n g  was made whenever t h e  
a n a l y z e r  r e a d i n g  exceeded 41% o f  f u l l  s c a l e .  
A flow-system schemat ic  diagram o f  t h e  hydrocarbon a n a l y z e r  and a i r  
d i l u t i o n  system is shown i n  F i g u r e  4-2. S t a r t i n g  wi th  t h e  gas-sample r a k e  
i n  t h e  t e s t  s e c t i o n  p i p i n g ,  t h e  sample mix tu re  i s  d i r e c t e d  i n t o  a  c l o s e -  
coupled three-way s o l e n o i d  v a l v e .  When deene rg i zed  , t h i s  v a l v e  i s o l a t e s  
t h e  sample r a k e  and a l l o w s  a con t inuous  f l ow o f  100% N2 a t  low p r e s s u r e  t o  
purge  t h e  sample d e l i v e r y  l l n e .  When t h e  v a l v e  is e n e r g i z e d ,  t h e  purge  is 
c losed  o f f  and t h e  sample g a s  is d i r e c t e d  i n t o  e i t h d r  a sample c o l l e c t i o n  
c y l i n d e r  o r  t h rough  a by-pass l i n e  i n t o  a v i s u a l  f lowmeter .  The gas-sample 
p r e s s u r e  l e v e l  a t  t h i s  p o i n t  is wi tnes sed  on a  p r e s s u r e  gage  and r e l a y e d  
t o  a combina t ion  air-  and spr ing- loaded  p r e s s u r e  r e g u l a t o r .  T h i s  r e g u l a t o r  
d e l i v e r s  t h e  d i l u t i o n  a i r  from a compressor  and r e c e i v e r  t a n k ,  a t  t h e  same 
p r e s s u r e  a s  t h e  g a s  sample ,  t o  a  second v i s u a l  f lowmeter .  Flow-control  
need le  v a l v e s  a t  t h e  i n l e t  o f  each  f lowmeter  a r e  used t o  p r o p o r t i o n  t h e  
a i r  and gas-sample f low r a t e s  t o  t h e  d e s i r e d  d i l u t i o n  l e v e l .  A g a s - t r a n s f e r  
pump then  d e l i v e r s  t h e  d i l u t e d  sample through a t h i r d  v i s u a l  f lowmeter  t o  
t h e  t o t a l  hydrocarbon a n a l y z e r .  To minimize system re sponse  t ime ,  an 












































































t h e  ana lyze r ,  wi th  only  a smal l  por t ion  of  t h e  sample fed i n t o  t h e  i o n i z a t i o n  
flame burner.  The bypass flow is  witnessed on a f o u r t h  v i s u a l  flowmeter. 
A r egu la ted  supply o f  100% H2 was used t o  e n r i c h  t h e  i o n i z a t i o n  flame 
burner  only dur ing the  i g n i t i o n  and s t a r t -up  procedure. The i c n i z a t i o n  
flame is maintained by t h e  pressure-regula ted  flows o f  40% H2 + 60% N 2  g a s  
mixture  and 100% pure ( o i l - f r e e )  a ir .  The pure a i r  can a l s o  be d i r e c t e d  
i n t o  the  analyzer  i n l e t  f o r  ze ro  c a l i b r a t i o n s .  A pressure-regula ted  supply 
o f  2% C3H8 + N2 g a s  mix tu re ,  which can be d i r e c t e d  i n t v  the  analyzer  i n l e t ,  
is used f o r  c a l i b r a t i o n  span o f  the  v i s u a l  output  i n d i c a t o r .  A second 
pressure-regbla ted  supply of  4% C3H8 + N2 g a s  mixture  can be d i r e c t e d  
i n t o  the  sample l i n e  ahead of t h e  d i l u t i o n  system t o  v e r i f y  the  des i red  
d i l u t i o n  r a t i o  s e t t i n g .  
The only  d i f f i c u l t y  with t h i s  gas-analyzer i n s t a l l a t i o n ,  o t h e r  tban 
t h e  l ack  of adequate temperature c o n t r o l ,  was t h a t  the de tona t ion  shock 
wave, blowing out  through e i t h e r  the  r u g t u r e  d i s c  por t  o r  the  e x i t  of  the  
extension piping,  would ex t ingu i sh  the  i o n i z a t i o n  flame burneta. Consequel~t ly ,  
after each t e s t ,  t h e  burner had t o  be r e l i t  and s t a b i l i z e d .  The 100% H2 
enrichment g r e a t l y  s i m p l i f i e d  t h i s  r e i g n i t i o n  opera t ion .  Analyzer respotise 
t ime a f t e r  a c t u a t i o n  o; t h e  three-way sample solenoid  v a l v e  was 30 seconds ,  
p l u s  another  30 3econds t o  f u l l y  s t a b i l i z e  t h e  reading.  L i n t  l e n g t h  between 
t h e  sample rake and the  analyzer  i n l e t  was approximately 6.1 m (20 f t . ) .  
E. PARAMETER MEASUREMENT AND CALCULATION UNCERTAINTIES 
To g e t  maximum accuracy from the  ins t rumenta t ion  systems used a t  
ETS, an end-to-end system c a l i b r a t i o n  nethod is employed. A l l  c a l i b r a t i o n  
s i g n a l s  a r e  i n i t i a t e d  a t  the  t r ansducer  o r  between the  t ransducer  and the  
f i r s t  p iece  of  s i g n a l  cond i t ion ing  equipment, and recorded on t h e  d i g i t a l  
r e c o r d e r ,  M r e c o r d e r s ,  and o s c i l l o g r a p h  recorder .  A l l  c a l i b r a t i o n  s i g n a l s  
recorded a r e  a t  known ba lues  and a r e  independent o f  a m p l i f i e r  g a i n  changes 
and power supply se t t i r ig  inaccurac ies .  
Three c a l i b r a t i o n  p o i n t s  a r e  recorded f o r  each ins t rumenta t ion  
p a r m e t e r :  ( 1  ) "Gal Lowtf, ( 2 )  "Cal Ambient ," and ! 3 )  "Cal High." Cal 
low is a power-off o r  s h o r t &  input  s i g n a l .  Cal ambient is an ambient 
p r e s s u r e ,  temperature ,  v o l t a g e ,  e t c  . For gage p ressures  and v o l t a g e s ,  
t h i s  i s  normally a zero  cond i t ion ;  i f  a  ze ro  cond i t ion  is not p o s s i b l e ,  
the  c a l  ambient is a known pressure  o r  vo l t age .  Cal h igh is a v o l t a g e  
s u b s t i t u t i o n  o r  a known unbalance cond i t ion  on top of t h e  ambient c a l i -  
b r a t i o n .  For thermocouple read ings ,  v o l t a g e s ,  and most s p e c i a l  parameters ,  
known s u b s t i t u t e  vo l t ages  a r e  recorded.  For br idge measul.ements, an 
e x t e r n a l  shunt  r e s i s t o r  is used t o  unbaiance the  b r idge .  
The I n t e g r a t e d  D i g i t a l  Data and Control  System (IDAC) is the  primary 
recorder  f o r  s t eady-s ta te  d a t a .  The system a l s o  has  computer c a p a b i l i t y  
t h a t  conver t s  inpu t  d a t a  t o  engineer ing u n i t s ,  and o u t p u t s  it on a p r i n t e r  
o r  the  t e l o v i s i c n  (TV) monitors.  A s p e c i a l  I D A C  so f tware  program was 
w r i t t e n  f o r  the  air and f u e l  systems d a t a  t o  c a l c u l a t e  air-mass f low,  
fuel-mass flow, a i r -  to- fuel  mixture r a t i o ,  and equivalence r a t i o .  
Each I D A C  i n p u t  channe l ,  c a l c u l a t i o n  pa rame te r ,  o r  c a l c u l a t i o n  r e s u l t  
can  be  d i s p l a y e d  s i n g l y  on t h e  TV moni tor  t o  f i v e  s i g n i f i c a n t  f i g u r e s ,  w i t h  
e n g i n e e r i n g  u n i t s  and channel  i d e n t i f i c a t i o n  number. A 1  t e r n a t e  p r e s e l e c t e d  
d i s p l a y s  w i th  up t o  four  parameter  v a l u e s ,  b u t  w i thou t  s n g i n e e r i n g  u n i t s  
o r  channel  i d e n t i f i c a t i o n s ,  can a l s o  be  monitored on TV. 
The IDAC p r i n t e r  is c a p a b l e  o f  o u t p u t t i n g  50 l i n e s  pe r  secon ', w i t h  
one  channel  per l i n e ,  o f  real-time d a t a  4n e n g i n e e r i n g  u n i t s  from as s igned  
channe l s .  The p r i n t e r  o u t p u t  was used as prime s t e a d y - s t a t e  d a t a  r e p o r t i n g  
t h e  test r e s u l t s .  A l l  IDAC d a t a  was a l s o  recorded  on magnet ic  t a p e  f o r  
o f f - l i n e  computer r e d u c t i o n  i f  r e q u i r e d  The fo l lowing  is a sunnnary o f  t h e  
d e t a i l e d  a n a l y s i s  o f  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  p r e s s u r e  and tempera- 
t u r e  measurements and t h e  I D A C  program-ca lcu la ted  p a r m t t e r s  p re sen ted  i n  
Appendix A. These v a l u e s  can be a s su red  wi th  o n l y  a 95% (2u) p r o b a b i l i t y .  
( 1 )  U n c e r t a i n t y  f o r  prGssure measurement is  A 0.39% o f  t r a n s d u c e r  
P u l l - s c a l e  r ange .  
( 2 )  U n c e r t a i n t y  f o r  t empera tu re  measurement i n  p e r c e n t  o f  r e a d i n g  i s :  
( a )  10.0 t o  3 1 . 8 ~ ~  (50 t o  100°F) = + 2.7% 
( b )  37.8 t o  93.3OC (100 t o  200°F) = A  1.4% 
( c )  93.7 t o  1 4 8 . 9 ~ ~  (200 t o  3 0 0 ~ ~ )  = * 0 . 8 5 J  
( d l  148.9 t o  204.4OC (303 to 4 0 0 ~ ~ )  = + 0.65% 
( e l  204.4 t o  276. ~ O C  (400  t o  5 3 0 ' ~ )  = & 0.49% 
( f )  276.7 t o  1 2 6 0 ~ ~  (530 t o  2 3 0 0 ~ ~ )  = 2 '2.43% 
( 3 )  U n c e r t a i n t y  f o r  a i r - v e l o c i t y  o r  air-mass-f low c a l c u l a t i o n s  i s  
A 1.82% of' v a l u e .  
( 4 )  U n c e r t a i n t y  f o r  fuel-mass-flow c a l c u l a t i o n  is a 1 .93% o f  v a l u e .  
( 5 )  U n c e r t a i n t y  f o r  c a l c u l a t e d  a i r - t o - f u e l  m i x t u r e  r a t i o  and 
equ iva l enca  r a t i o  is 2.65% o f  v a l u e .  
Us i rg  t h e  u n c e r t a i n t i e s  l i s t e d  above,  t h e  maximum u n c e r t a i n t y  t h a t  
can  be  expec ted  f o r  t h e  measured and c a l c u l a t e d  t e s t  pa rame te r s  a s s o c i a t e d  
wi th  t h e  s t a n d a r d  test c o n d i t i o n  a r e  l i s t e d  i n  Tab le  4-2. 
The t r a n s i e n t - s t a t e  d a t a  were r eco raed  on an Ampex Model FR 2200 
and an Ampex Model FR 2020 high-frequency FM t a p e  r e c o r d e r s .  P h o t o d e t e c t o r  
flame sensorbs  were t h e  primarq i n s t r u m e n t s  used t o  de t e rmine  f lame v e l o c i t i e s .  
Q u a r t z - c r y s t a l  p r e s s u r e  t l ' ansducers  were p r i m a r i l y  used t o  measure peak- 
p r e s s u r e  p u l s e s  i n  t h e  d e t o n e t i o n  wave, b u t  t h e y  a l s o  s e rved  a s  back-up 
i n s t r l m e n t s  t o  de t e rmine  wave v e l o c i t i e s .  There was u s u a l l y  good agreement  
i n  c a l c u l a t e d  v e l o c i t i e s  between t h e  f lame s e n s o r s  and t h e  p r e s s u r e  s e n s o r s  
w i t n e s s i n g  a s t a b l e  d e t o n a t i o n  wave. T h i s  was n o t  t h e  c a s e ,  however, 
when t h e  se t i sors  were l o c a t e d  i n  t h e  def lagrakion- to-detonat ion t r a n s i t i o n  
zone. The s p i n n i n g  d e t o n a t i o n  phenonenor~ , r e p o r t e d  i n  References  2-9 
and 2-1 0 ,  would most 1 i k e l y  e x p l a i n  t h i s  d i s c repancy .  
Flame senso r  and p r e s s u r e  s e n s o r  test d a t a ,  a long  wi th  t h e  pre-and 
p o s t t e s t  c a l i b r a t i o n s  recorded  on t h e  FM t a p e s ,  were played back on an 
o s c i l l o g r a p h  a t  an expanded time base  of  32 t o  1 .  The peak-pressure  
pulse  d e f l e c t i o n s  and t h e  c a l i b r a t i o n  parameter e q u i v a l e n t s  were sca led  
from t h e s e  recordings  and used t o  c a l c u l a t e  t h e  de tona t ion  wave p ressures .  
The e lapsed t ime between s e q u e n t i a l  f lame sensor  s i g n a l s  ( o r  p ressure  
sensor s i g n a l s )  were a l s o  sca led  from t h e  o s c i l l o g r a p h  recordings .  Using 
t h i s  t ime d a t a  and the  known d i s t a n c e s  between ad jacen t  ins t rumenta t ion  
t ransducer  p o r t s ,  the  average f lame v e l o c i t i e s  through each succeeding 
s e c t i o n  o f  the  de tona t ion  test piping were c a l c u l a t e d .  
The following is a suormary o f  t h e  Appendix A d e t a i l e d  a n a l y s i s  o f  
u n c e r t a i n t i e s  a s soc ia ted  with t r a n s i e n t - s t a t e  measured de tona t ion  peak- 
pressu1.s pu l ses  and risetime response  limits o f  d a t a  recorded on FM 
tapes with a 32-to-1 time-expanded playback onto  an o s c i l l o g r a p h .  These 
va lues  can be assured with only  a 95% (2u) p r o b a b i l i t y .  
( 1 The u n c e r t a i n t y  f o r  t h e  peak-pressure pulse  measurement is 
&.I% o f  t ransducer  span. 
(2) The response t i m t  l i m i t  f o r  pho tode tec to r s  and q u a r t z - c r y s t a l  
pressure  t r ansducers  is : 
( a )  3.5 s on Ampex Model FR 3020 recorder .  
( b )  7.0 s on Ampex Model FR 2200 recorder .  
Using t h e  u n c e r ~ a i n t i e s  l i s t e d  above, combined with an osc i l lograph  
r e a d a b i l i t y  uncer ta in ty  of 6.0% and a measured t ransducer  spacing u n c e r t a i n t y  
o f  d . 2 5 5 ,  the  maximum uncer ta in ty  t h a t  can be expected f o r  measured and 
c a l c u l a t e d  parameters a s s o c i a t e d  w i t h .  a  s t a b l e  de tona t ion  wave a t  s t andard  
t e s t  cond i t ions  a r e  l i s t e d  i n  Yable 4-2. 
Table 4-2. Maximum Uncer ta in ty  f o r  Measured and Calcula ted  
Parameters a t  the  Standard Test  Condit ion 
Parameter Symbol Uncer ta in ty  
Steady-State Data 
A i r  flowmeter i n l e t  p ressure  
Air flowmeter d i f f e r e n t i a l  
p ressure  
A i r  f l o m e t e r  e x i t  temperature 
Fuel l i n e  p ressure  
Fuel  l i n e  temperature 
Fuel f l o w e t e r  frequency 
Test  s e c t i o n  i n l e t  p ressure  
Test  s e c t i o n  d i f f e r e n t i a l  p ressure  
Test  a r e a  ambient pressure  
A i r  mass f low 
A i r  v e l o c i t y  
Fuel mass f low 
A i r  to f u e l  mass r a t i o  















0.27 kN/m2 (+ 0.039 p s i a )  
+0.0083 kN/m2 + 0.0012 p s i d )  
- 
Transient -Sta te  Data 
Detonation peak-pressure pu l se  PXX - + 241 kN/m2 ( d 5  p s i a )  
Detonation flame v e l o c i t y  FXX-FYY 2 98 m / s  (+322 f t / s )  
Detonation p ressure  wave v e l o c i t y  PXX-PYY 2 98 m / s  ( d 2 2  f t / s )  
SECTION V 
TEST OPERATING PROCEDURES 
A. iXNERAL SAFETY REQUIREMENTS 
A l l  t e s t  opera t ing  procedures involving f u e l  t r a n s f e r ,  o r  performed 
wi th  the  f u e l  system pressur ized ,  r equ i red  the  s a f e t y  tower opera to r  
t o  be i n  p o s i t i o n ,  monitor a l l  communication on a headse t ,  and c o n t r o l  
a c c e s s  t o  the  t e ~ t  a r e a  with the  s a f e t y  s t a t u s  l i g h t s .  The t e s t  s t and  
is normally i n  a GREEN cond i t ion ,  which permits  open access  t o  a l l  
personnel.  Fuel t r a n s f e r s  and t e s t  p repara t ions  were performed i n  
an AMBER cond i t ion ,  which r e s t r i c t s  nonoperating personnel t o  the  workshop 
a r e a ,  un less  permission is granted t o  e n t e r  o t h e r  a r e a s .  A RED c o n d i t i o n  
was used dur ing a c t u a l  t e s t s ,  which i s o l a t e s  the  t e s t  s tand and t h e  
surr rounding des ignated a r e a  from a l l  personnel .  
A minimum of two men was required a t  the  s i t e  dur ing f u e l  t r a n s f e r s  
and t e s t  p repara t ions .  Personnel s a f e t y  equipment included hard h a t s ,  
face  s h i e l d s ,  g loves ,  and f i r e - r e t a r d a n t  c o v e r a l l s .  Addi t ional  s a f e t y  
equipment was a v a i l a b l e  including MSA brea th ing  dev ices ,  s a f e t y  showers, 
eye washes, and the  Fi rex water deluge system. A l l  o p e r a t i o n s ,  except  t h e  
s e r v i c i n g  and reconf igura t ion  of  t h e  t e s t  a r r e s t e r  s e c t i o n ,  were performed 
using formal procedures i n  the  form of  check lists, with i n d i v i d u a l  pages 
dated and timed, and with each s t e p  i n i t i a l e d  by two persons wi tness ing 
the  event.  
An ignit ion-completion key swi tch ,  which prevented the  a c t u a t i o n  
of the hydrogen-air-spark i g n i t e r  except dur ing  checkouts and t e s t  
o p e r a t i o n s ,  was loca ted  a t  the  t e s t  s t and .  I g n i t e r  checkouts r equ i red  
t h a t  t h e  a i r  compressor be i n  opera t ion  t o  minimize t h e  build-up o f  
combustible mixtures  i n  the  t e s t  p ip ing.  
B. OPERATING PROCEDURE CHECK LISTS 
The following is a d e s c r i p t i o n  of  t h e  opera t ing  proced;u,es and check 
lists used i n  the  de tona t ion  t e s t s .  
1 .  P r e t e s t  System Checkouts 
a .  Prel&&mrv Check. This  check confirms proper i n s t a l l a t i o n  
of the  t e s t  i tem,  ins t rumenta t ion  and c o n t r o l  cab le  connect ions ,  r e a d i n e s s  
of the  n i t rogen p ressuran t  and purge systems,  requested photographic 
coverage,  and t h ~ t  he  da fe ty  system is o p e r a t i o n a l .  
b.  ~ r , t r o m e c h a n i c a l  Checkoutg. These checks examine, a t  t h e  
t e s t  s t a n d ?  ihe o v e r a l l  c o n t r o l  system read iness  by i n d i v i d u a l  conf i rmat ion 
of proper opera t ion  of each c o n t r o l  i n  the  blockhouse. 
c. Seauence Timer/mernencv C 7 i r c u i t  Checkout. Th i s  checkout 
opera tes  the  p r e s e t  automatic sequence t imer ,  without a c t u a l  f u e l  f low, 
while recording control-element a c t u a t i o n s  on the f a c i l i t y  osc i l l o g r a p h  . 
a .  
PKECEU~NG PACE BLANiI NOT FILMED 
Sequence times of  t h e  v a r i o u s  e l emen t s  were measured and a d j u s t e d  where 
neces sa ry .  The sequence was then  r e p e a t e d ,  adding  a shutdown w i t h  
t h e  emergency s w i t c h  t o  conf i rm p rope r  emergency s w i t c h  a c t u a t i o n s  . 
d .  -. a These checks  p rov ide  a gaseous  n i t r o g e n  sys tem 
l e a k  check  a t  maximum o p e r a t i n g  p r e s s u r e  f o r  t h e  f u e l  sys tem,  f u e l  
v a p o r i z e r  and condenser  l oop ,  f u e l  i n d u c t  i on  sys tem,  and t h e  a i r - compres sc r  
sys tem.  
NOTE: The f o u r  c h e c k - l i s t  p rocedures  d e s c r i b e d  above were n o t  
performed b e f o r e  each  tes t ,  b u t  were done when s p e c i a l  c i r c u m s t a n c e s ,  such  
as component changes ,  m a l f u n c t i o n s ,  o r  s e v e r e  wea the r ,  were encoun te red .  
2. Fuel  T r a n s f e r  P rocedures  
a. p r  o ~ e  1 l a n t  ( f u e l )  F i l l  Check L i s t a .  These p rocedures  are 
provided  f o r  t r a n s f e r r i n g  e i t h e r  propane o r  g a s o l i n e  from t h e i r  s t o r a g e  
c o n t a i n e r s  i n t o  t h e  test s t a n d  f u e l  supp ly  t ank .  Propane was t r a n s f e r r e d  
v i a  its own vapor p r e s s u r e .  Gaso l inz  was t r a n s f e r e d  from drums by 
means o f  an a i r -motor -dr iven  pump. It was common t o  expec t  up t o  s i x  
s e p a r a t e  tests i n  a day ,  each  o f  which r e q u i r e d  app rox ima te ly  4.6 x 
10-3 m3 (1 g a l )  o f  f u e l .  T h e r e f o r e ,  t h e  f u e l  supp ly  t a n k  was topped  
o f f  f o r  each  test day. 
b .  P r  -. These t r a n s f e r s  from t h e  f u e l  
s u p p l y  t a n k  were normal ly  r e t u r n e d  t o  t h e  a p p r o p r i a t e  s t o r a g e  c o n t a i n e r .  
Small q u a n t i t i e s  o f  propane could  a l s o  be d i sposed  o f  th rough t h e  burn  
s t a c k .  Gaso l ine  from t h e  vapor i ze r / condenso r  l o o p  remain ing  i n  t h e  
c o l l e c t o r  tank  was no t  s u i t a b l e  f o r  r e c y c l i n g  and was d i sposed  o f  as  
waste. It was n e c e s s a r y  t o  empty t h e  c o l l e c t o r  t a n k  a f t e ?  e v e r y  two 
days  o f  t e s t i n g .  
3 .  T e s t  P r e p a r a t i o n s  
The T e s t  P r e p a r a t i o n s  Check L i s t  f o r  i n s t r u m e n t a t i o n  and 
test sys t ems  was completed c o n c u r r e n t l y  on t h e  day o f  t e s t i n g .  I n  
;;he blockhouse,  a l l  pa tchboard  connec t ions  were completed and i n s t r u -  
men ta t i on  was s e t u p .  An end-to-end i n s t r u m e n t a t i o n  system c a l i b r a t i o n  
was performed. A t  t h e  t e s t  s ta r id ,  v a r i o u s  s a f e t y  check and f a c i l i t y  
s e t u p s  were made: condenser  c o o l i n g  wa te r  was tu rned  on ,  t h e  hydrocarbon 
a n a l y z e r  was put  i n  o p e r a t i o n ,  and t h e  hydrogen and air g a s  p re s s i l r e s  
were a d j u s t e d  f o r  t h e  i g n i t e r .  A t  t h e  c o n t r o l  c o n s o l e ,  t h e  a i r  compressor  
was s t a r t e d  and t h e  a i r  f low a d j u s t e d  by means o f  t h e  a ir  m e t e r i n g  
v a l v e  and t h e  a i r  bypass  v a l v e .  A f t e r  t h e  a i r  system t empera tu re  and 
f low were s t a b i l i z e d  a t  t h e  d e s i r e d  v a l u e s ,  t h e  test i t e m ' s  p r e t e s t  
p r e s s u r e  l o s s  was measured and r eco rded .  
The f u e l  v a p o r i z e r  h e a t e r  was a c t i v a t e d ,  and n i t r o g e n  purge g a s  
flowed through t h e  h e a t e r  c o i l s  and i n t o  t h e  condenser  f o r  t h e  p r e n e a t  
c y c l e .  The t e s t  s t a n d  s a f e t y  c o a d i t i o n  was changed from GREEN t o  AKBER. 
The f u e l  supp ly  t a n k  was p r e s s u r i z e d  wi th  n i t r o g e n  up t o  t h e  d e s i r e d  
o p e r a t i n g  p r e s s u r e .  When t h e  h e a t e r  c o r e  reached app rox ima te ly  260% 
(5000F1, t h e  n i t r o g e n  purge g a s  was turndd o f f  and f u e l  flow was metered 
at a low l e v e l .  The f u e l  f low was i cc reased  up t o  t h e  d e s i r e d  t e s t  
cond i t ion  as the  vapor ize r  h e a t e r  reached t h e  opera t ing  temperature.  
F i n a l  v i s u a l  checks were made o f  t h e  t e s t  s tand a r e a ,  and t h e  
i g n i t i o n  comaietion key swi tch  was turned on. A l l  ope ra t ing  personnel 
evacuated the  t e s t  s t and  a r e a  and its s a f e t y  cond i t ion  was changed t o  
RED. 
4. Blockhouse Prepara t ion  
Blockhouse p repara t ion  begins  with a  weather s t a t i o n  confirm- 
a t i o n  of wind v e l o c i t y  and d i r e c t i o n  and t h e  l o c a l  barometr ic  pressure .  
Control  console c i r c u i t s  f o r  i g n i t i o n  and emergency shutdown func t ions  
were armed and each s i g n i f i c a n t  panel swi tch  had its p o s i t i o n  confirmed. 
Wi th  a l l  t e s t  personnel a t  t h e i r  opera t ing  p o s i t i o n ,  t h e  t e s t  c o n d i t i o n s  
whel c reviewed and confirmed. A p r e t e s t  ins t rumenta t ion c a l i b r a t i o n  
was recarded and the  countdown procedure was begun. 
5. Countdown 
A t y p i c a l  'countdown" procedure fo l lows:  
( 1 )  An announcement was made over the  publ ic  address  system 
t o  a l e r t  personnel i n  t h e  g e n e r a l  a r e a  t h a t  a de tona t ion  
would occur.  General ly ,  t h e  de tona t ion  noise  was 
v e r y  i n t e n s e  and sha rp ,  capable  of  c r e a t i n g  an i n d i r e c t  
hazard. A horn s i g n a l  was a l s o  sounded. 
( 2 )  The I D A C  t a p e ,  p r i n t e r ,  and the  o s s i l l o g r a p h  were 
turned on t o  a slow speed. 
( 3 )  The hydrocarbon analyzer  purge was turned o f f ,  a l lowing 
t h e  analyzer  t o  sample the  mixture f lowing through 
t h e  wi tness  s e c t i o n .  
( 4  The f u e l  mixer valve  was changed t o  the  R U N  p o s i t i o n ,  
al lowing f u e l  t o  flow t o  the  t e s t  p ip ing f o r  the  f i r s t  
time i n  the  t e s t  sequence. The burn s t a c k  purge 
va lve  was opened t o  sweep ~ u t  combustible gases  from 
t h e  c o l l e c t o r  tank vent  l i n e .  The o x i l l o g r a p h  was 
turned o f f  . 
(5 ) As the f u e l  and a i r  mixture  t r ave led  through the  t e s t  
p ip ing ,  the  hydrocarbon analyzer  responded with a  
s t e a d i l y  i n c r e a s i n g  s i k n a l .  The countdown t imer was 
then stopped f o r  a HOLD pe r iod ,  while f u e l  and a i r -  
flow r a t e s  were confirmed or ad jus ted ,  i f  necessary.  
( 6 )  When the  countdown was resumed, the  I D A C  t ape  and 
p r i n t e r  were switched t o  continuous mode and t h e  
o s c i l l o g r a p h  and movie camera were turned on. 
6. P o s t t e s t  
The hydrocarbon ana lyze r  purge was turned on,  again  
i s o l a t i n g  it from the  t e s t  piping t o  p r o t e c t  it from 
t h e  de tona t ion  p ressure  wave. 
Valves were ac tua ted  t o  i s o l a t e  t h e  low-pressure 
t r ansducers  from t h e  de tona t ion  p r e s s u r e  wave. 
The i g n i t e r  was armed by a console swi tch ,  the  high- 
frequency t ape  r e c o r d e r s  were turned on,  and the  
o s c i l l o g r a p h  was switched t o  h igh speed.  
The sequence t imer  !as turned on. For t h e  noncontinuous 
flow t e s t s ,  t h i s  f i r s t  au tomat ica l ly  changed t h e  
f u e l  mixer valve  t o  the  CONDENSER p o s i t i o n ,  prevent ing 
f u r t h e r  f u e l  flow from e n t e r i n g  the  induc t ion  s e c t i o n  
o f  t h e  test pi2ing.  Residual  f u e l  downstream of  
t h e  i n j e c t s r  was s u f f i c i e n t  f o r  i g n i t i o n  on t h i s  
type of  t e s t .  The sequence t imer  then f i r e d  the  
i g n i t e r ,  turned on t h e  vapor ize r  warm-up purge v a l v e ,  
c losed  t h e  fuel - tank o u t l e t  v a l v e ,  and turned o f f  
the  vapor ize r  hea te r .  For the  continuous flow t e s t s ,  
t h e  sequence t imer was used only  t o  f i r e  the  i g n i t e r ,  
and t h e  o t h e r  i tems were performed manually by means 
o f  t h e  emergency c u t o f f  swi tch  a f t e r  the  d e s i r e d  
flow time had e lapsed.  Temperatures i n  the  t e s t  
p ip ing on each s i d e  of t h e  t e s t  a r r e s t e r  were monitored 
on t h e  v ideo d i s p l a y  dur ing  t h e  cont inuous  flow of 
f u e l  a f t e r  i g n i t i o n  and de tona t ion  t o  check f o r  flame 
pene t ra t ion  and flame holding.  
The i g n i t e r  was unarmed, t h e  o s c i l l o g r a p h  changed t o  
low spoed, and the  high-frequency t ape  turned o f f .  
The f u e l  metering v a l v e  was c losed and t h e  movie 
caae ra  was turned o f f .  
Fuel supply tank p ressure  t r ansducers  were vented 
and a  p o s t t e s t  c a l i b r a t e  was performed on t h e  
ins t rumenta t ion .  
Fuel  supply tank p ressure  t r ansducers  and t h e  t e s t  
a r r e s t e r  p ressure  t r a n s d u c e r s  were reopened t o  the  tb, ;  
system, t h e  o s c i l l o g r a p h  turned o f f ,  and t h e  I D A C  t a p t  
and p r i n t e r  were switched t o  a  slow speed.  
Compressor a i r  flow was maintained t o  purge r e s i d u a l  
f u e l  and combustion by-products from the  t e s t  p ip ing.  
The P o s t t e s t  procedure included a  v i s u a l  inspec t ion  of  t h e  t e s t  
s tand.  The t e s t  s tand s a f e t y  cond i t ion  was changed t o  AMBER. Reentering 
personnel inspected a l l  rup tu re  d i s c  assembl ies .  I f  they  were i n t a c t ,  
a  p o s t t e s t  pressure  l o s s  a c r o s s  t h e  t e s t  i tem was measured and recorded.  
I f  any r u p t u r e  d i s c  was blown c u t ,  t h e  a i r  compressor was turned o f f  
whi le  t h e  d i s c s  were replaced.  The a i r  compressor w&s  then turned 
back on, the  a i r  f low s t a b i l i z e d ,  and the  p o s t t e s t  measurement recorded.  
I f  a  r epea t  t e s t  was t o  be made, t h e  hydrocarbon ana lyze r  was 
checked o u t ;  normally,  it had t o  be r e i g n i t e d  because t h e  de tona t ion  
shock wave u s u a l l y  blew ou t  t h e  i o n i z a t i o n  flame. The Tes t  P repara t ion  
procedure would then be r e s t a r t e d  from t h e  po in t  of  f u e l  vapor ize r  
h e a t e r  a c t i v a t i o n .  
Following t h e  l a s t  t e s t  o f  t h e  day,  a  p o s t t e s t  end-to-end c a l i b r a t i o n  
o f  t h e  ins t rumenta t ion  system was made. Fuel i n  the  induc t ion  system 
was pushed back i n t o  the  supply tank and the  system thoroughly purged 
with n i t rogen  gas .  
Immediately a f t e r  each t e s t ,  t he  d a t a  recorded on t h e  FM tape  
recorder  was played back onto a  quick-look o s c i l l o g r a p h  a t  an expanded 
time s c a l e  of 8 t o  1.  This  d a t a  t o l d  the  t e s t  conductor t h a t  he d i d  
o r  d id  not  g e t  i g n i t i o n  and d e t o n a t i o n ,  o r  t h a t  the  flame a r r e s t e r  
worked o r  d id  not  work. 
After  a day o f  t e s t i n g ,  a  playback record was made o f  t h e  F'M 
t ape  d a t a  a t  an expanded time s c a l e  of 32 t o  1. This record c o n t a i n s  
both c a l i b r a t i o n  and t e s t  d a t a  f o r  a l l  parameters,  and was used f o r  
r educ t ions  of  flame v e l o c i t i e s  and peak p ressure  pulse  d a t a .  
SECTION V I  
FACILITY CHECK-OUT TESTS 
A number of t e s t s  were requ i red  t o  check ou t  f a c i l i t y  systems 
t h a t  were designed and i n s t a l l e d  s p e c i f i c a l l y  f o r  t h e  Detonation Flame 
Arres te r  Evaluation Program. During the  f a c i l i t y  check-out t e s t s ,  
it was determined t h a t  propane and a i r  mixtures  would not i g n i t e  and 
burn p red ic tab ly  with spa rk  i g n i t i o n  only.  The t e s t  procedure allowed 
0.50 second from f u e l  shut-off  t o  spark  i n i t i a t i o n  t o  c l e a r  the  f u e l / a i r  
induc t ion  system and prevent f lash-back flame damage. A hydrogen-air- 
spark  i g n i t i o n  system w s s  developed t h a t  produced t h e  d e s i r e d  r e s u l t s .  
The on ly  disadvantage i n  t h i s  method was t h a t  t h e  a d d i t i o n  o f  hydrogen 
t o  the  f u e l / a i r  mixture imparted an i n i t i a l l y  h igher  v e l o c i t y  t o  flame 
propagation i n  the  pipe than would normally be a s s o c i a t e d  with an hydro- 
c a r b o d a i r  mixture alone.  It required about 10 t o  12 pipe  d iamete r s  
t o  d iminish  t h i s  e f f e c t .  
Chemically pure (CP) propane was used dur ing  the  check-out t e s t s  
t o  a l low a  r e l i a b l e  determinat ion of  t h e  e f f e c t i v e n e s s  o f  t h e  f u e l  
i n j e c t i o n  and air mixing procedure,  as well  as t o  v e r i f y  the  accuracy 
o f  f low measuring ins t rumenta t ion.  Gas samples were c o l l e c t e d  a t  both 
the  i n l e t  and o u t l e t  of  the  t e s t  p ip ing ( s e e  Figure  3-1 f o r  l o c a t i o n  
o f  sampling rakes  and c o l l e c t i o n  c y l i n d e r s ) .  The samples were analyzed 
i n  t h e  l abora to ry  using a  g a s  chromatograph mass spect rometer  (GCMS). 
Adjustments were made t o  t h e  f u e l / a i r  systems u n t i l  an accep tab le  agreement 
was obtained between the  measured flow and t h e  GCMS ana lyze r  r e s u l t s .  
One e f f e c t i v e  change involved t h e  r e d i r e c t i o n  of  the  f u e l  i n j e c t o r  
from a  pa ra l l e l - f low o r i e n t a t i o n  with the  a i r  stream t o  a  counter-flow 
o r i e n t a t i o n .  This modi f i ca t ion  provided b e t t e r  mixing, which was confirmed 
by the  i n l e t  sample r e s u l t s .  An eventual  c l o s e  agreement between t h e  
i n l e t  and o u t l e t  samples showed t h a t  t h e r e  was l i t t l e  condensation 
of propane on the  w a l l s  of the  t e s t  p ip ing.  The GCMS a n a l y s i s  i n d i c a t e d  
from 4.0- t o  4.2-mole-percent propane i n  the  samples a t  a  flow-measured 
equivalence r a t i o  of 1  .1 ( a i r -  to-propane mass mixture r a t i o  of  14.3 ) . 
The i n i t i a l  l eng th  o f  15.2-cm- (6.0-in.-) diameter piping i n  the  
check-out t e s t  conf igura t ion  ( s e e  Appendix B)  was 8.4 m (25.5 f t )  . 
I n  some t e s t s ,  the  i n d i v i d u a l  pipe s e c t i o n s  were modified and used f o r  
a l t e r n a t e  func t ions  a s  noted i n  Appendix B. Tes t  f i r i n g s  were made 
a t  an i n i t i a l  flow v e l o c i t y  o f  4.6 m / s  (15 .0  f t /s)  and a  proyane/a i r  
equivalence r a t i o  of 1.1. A de tona t ion  was not  obtained a t  t h i s  run- 
up d i s t a n c e ,  s o  an a d d i t i o n a l  s e c t i o n  of  p ipe  was i n s t a l l e d .  Tes t  
f i r i n g s  were repeated t h a t  d id  not  r e s u l t  i n  de tona t ions ,  so a d d i t i o n a l  
s e c t i o n s  of  piping were added t o  t e s t  conf igura t ion  Nos. 100 t o  117. 
This procedure continued u n t i l  a l l  a v a i l a b l e  piping was i n s t a l l e d ,  re-  
s u l t i n g  i n  a  t o t a l  run-up d i s t a n c e  of 31.5 m ( 103.5 f t )  . Both equivalence  
r a t i o  and i n i t i a l  f low v e l o c i t i e s  were v a r i e d ,  but  none o f  these  t e s t  
cond i t ions  produced a  de tona t ion .  The maximum flame v e l o c i t i e s  recorded 
were around 244 m/s (800 f t / s ) .  
The chemically pure propane was removed from the  f u e l  supply 




The c a l i b r a t i o n  t e s t s  f o r  d e t o n a t i o n  run-up d i s t a n c e  w i th  CG 
propane were s t a r t e d  w i t h  a  t e s t  assembly c o n f i g u r a t i o n  (No. 118) similar 
t o  t h e  one shown i n  F i g u r e  3-1, t h e  d i f f e r e n c e  be ing  t h a t  t h e r e  were 
on ly  two l e n g t h s  o f  4.6-m- (15-f t-)  l o n g  run-up p i p e  l i n e d  wi th  t h e  
turbulence-producing ,  expanded metal-mesh t u b e s .  T h i s  test  assembly  
produced d e t o n a t i o n s  a t  a l l  i n i t i a l  f l o w  v e l o c i t i e s  from 0  t o  6.1 m / s  
( 0  t o  20 f t / s )  ( s e e  Appendix C) . The f lame v e l o c i t y  after t r a n s i t i o n  
t o  d e t o n a t i o n  s t a b i l i z e d  around 1830 m / s  (6000 f t / s ) .  The peak p r e s s u r e  
p u l s e s  recorded  d u r i n g  t r a n s i t i o n  ranged b road ly  between 1000 t o  5000 
k ~ / m ~  (145 t o  725 p s i a ) ,  b u t  s t a b i l i z e d  around 2000 k ~ / m ~  (290 p s i a )  
af ter  t r a n s i t i o n  ( s e e  Appendix D) Based on t n e s e  measured f lame 
v e l o c i t i e s  and peak p r e s s u r e s ,  t h e  l o c a t i o n  o f  d e t o n a t i o n  t r a n s i t i o n  
appeared  t o  be v e r y  c l o s e  t o  t h e  downstream end o f  t h e  9-m ( 3 0 - f t )  
l e n g t h  o f  l i n e d  run-up p i p i n g  o r  a t  a t o t a l  d i s t a n c e  o f  20 m (66  f t )  
from t h e  p o i n t  o f  i g n i t i o n .  A p l o t  o f  f lame v e l o c i t y  and peak p r e s s u r e  
a s  a  f u n c t i o n  o f  p ipe  l e n g t h  f o r  t h e s e  t e s t s  is shown i n  F i g u r e  7-1. 
To e v a l u a t e  t h e  i n f l u e n c e  a flame arrester may have on t h e  run- 
up d i s t a n c e ,  a  sharp-edged o r i f i c e  p l a t e  w i th  a n  8.192-cm- (3.225-in .-) 
d iame te r  bore ,  de s igned  t o  s i m u l a t e  t h e  back p r e s s u r e  an  a r r e s t e r  may 
produce,  was i n s t a l l e d  on t h e  e x i t  o f  t h e  e x t e n s i o n  s e c t i o n  (No. 1 1 ) .  
With t h i s  test  c o n f i g u r a t i o n  (No. 1 1 9 ) ,  t h e  f lame a c c e l e r a t e d  down 
t h e  p i p e ,  r e a c h i n g  a maxim~m v e l o c i t y  o f  o n l y  1000 m / s  (3281 f t /s)  
a t  a d i s t a n c e  o f  23  m (75 .5  f t ) ,  and t h e n  d e c e l e r a t e d  through t h e  re- 
maining l e n g t h  o f  run-up p i p e .  The peak p r e s s u r e s  r e f l e c t e d  t h e  same 
phenomena, o b t a i n i n g  a  maximum l e v e l  o f  1200 k ~ / m ~  (366 p s i a )  and t h e n  
dec reased ,  as shown i n  F i g u r e  7-1. S i n c e  t h e s e  v e l o c i t i e s  and p r e s s u r e s  
were below t h e  r e q u i r e d  s t a b l e  d e t o n a t i o n  l e v e l s ,  t h e  t e s t  c o n f i g u r a t i o n  
was judged t o  be u n s t a b l e .  
The o r i f i c e  p l a t e  was removed and a n o t h e r  4.6-m ( 1 5 - f t )  l e n g t h  
o f  expanded metal tube  l i n e r  was i n s t a l l e d  i n t o  t h e  remain ing  run-up 
p ipe  s e c t i o n  (No. 51 ,  making t h e  t o t a l  o i p e  l e n g t h  w i th  t u r b u l e n t  l i n e r s  
13.7 m ( 4 5  f t ) .  T h i s  t e s t  c o n f i g u r a t i o n  (No. 1 2 0 ) ,  shown i n  F i g u r e  3-1, 
produced a  ve ry  s t a b l e  d e t o n a t i o n  i n  t h e  v e r i f i c a t i o n  s s c t i o n s  (No. 
6,  No. 7 ,  and No. 8 ) .  The f lame v e l o c i t y  averaged  around 1800 m / s  
(5960 f t / s )  a t  a  peak p r e s s u r e  o f  1650 k ~ / m *  (240 p s i a )  f o r  a s t a b l e  
d e t o n a t i o n  wave. A f t e r  one f i r i n g ,  t h e  o r i f i c e  p l a t e  was i n s t a l l e d  
a t  t h e  i n l e t  o f  t h e  test s e c t i o n  (No. 9 )  ( T e s t  c o n f i g u r a t i o n  No. 121) .  
On t h e  subsequent  f i r i n g s ,  a fu l ly-developed  and s t a b l e  d e t o n a t i o n  
was recorded  i n  t h e  v e r i f i c a t i o n  s e c t i o n s .  A r e f l e c t e d  shock wave 
was e v i d e n t  0 .3  m ( 1 . 0  f t )  upstream o f  t h e  o r i f i c e  p l a t e ,  where peak 
p r e s s u r e s  o f  about  3000 k ~ / m ~  (435 p s i a )  were r eco rded .  Both t h e  f lame 
'parameter  nomenclature is p re sen ted  i n  Tab le  4-1. 
v e l o c i t y  and t h e  peak p ressure  i n  t h e  de tona t ion  wave normally decreased 
a f t e r  pass ing through t h e  o r i f i c e  p l a t e  i n t o  t h e  wi tness  s e c t i o n  (No. 
10) .  However, i n  one t e s t  f i r i n g  (No. 1431 E) they  were on ly  s l i g h t l y  
reduced. A p l o t  o f  t h e  r e s u l t s  of  t h e s e  tests is shown i n  Figure  7-2. 
After  development of  a s u c c e s s f u l  conf igura t ion  f o r  s t a b l e  detona- 
t i o n  wi th  CG propane and a i r  mixtures ,  t h e  next  s t e p  was t o  determine 
if it were e q u a l l y  s u i t e d  f o r  g a s o l i n e  and a i r  mixtures .  The CG propane 
was replaced i n  t h e  f u e l  supply tank wi th  Indolene HO I11 c l e a r  (unleaded)  
g a s o l i n e .  Indolene,  a product o f  t h e  Standard O i l  D iv i s ion  of  Amoco O i l  
Company, camplies with t h e  EPA s p e c i f i c a t i o n s  i n  t h e  Federa l  Reg i s t e r  f o r  
s tandard test motor f u e l  (Reference 7-1). Tes t  cond i t ions  f o r  g a s o l i n e  
and air were t h e  same a s  f o r  propane and air .  I n i t i a l  f low v e l o c i t i e s  
were reduced from 6.1 t o  1.5 m / s  (20 t o  5 f t / s ) .  The t e s t  conf igura t ion  
(No. 122) without t h e  o r i f i c e  p l a t e  produced very s t a b l e  d e t o n a t i o n s  
where t h e  flame v e l o c i t y  through t h e  t e s t  s e c t i o n  was about 1830 m / s  
(6000 f t / s )  and peak p ressure  was about 1630 k ~ / m ~  (235 p s i a ) .  The 
deflagration-to-detonation t r a n s i t i o n  l o c a t i o n  appeared t o  be w 3 l l  
w i th in  t h e  t u r b u l e n t  l i n e r  run-up pipe  s e c t i o n s .  Th i s  provided some 
d i s t a n c e  f o r  t h e  de tona t ion  wave t o  s t a b i l i z e  i n  t h e  v e r i f i c a t i o n  s e c t i o n s  
before  e n t e r i n g  t h e  t e s t  s e c t i o n .  With t h e  o r i f i c e  p l a t e  i n s t a l l e d  
a t  t h e  i n l e t  t o  t h e  t e s t  s e c t i o n ,  t h e  r e f l e c t e d  peak-pressure wave 
measured 30 cm (12 i n . )  upstream showed a sha rp  i n c r e a s e ,  r each ing  
a l e v e l  of 3300 k ~ / n 2  (479 p s i a ) .  Th i s  p ressure  l e v e l  reduced qu ick ly  
as it moved upstream. Both t h e  flame v e l o c i t i e s  and peak p r e s s u r e s  
decreased s i g n i f i c a n t l y  a f t e r  pass ing  through t h e  o r i f i c e  p l a t e  i n t o  
t h e  w i t n t s s  s e c t i o n .  A p l o t  of  t h e  r e s u l t s  of  t h e s e  t e s t s  is shown 
i n  Figure  7-3. 
The s u c c e s s f u l  a t ta inment  of s t a b l e  de tona t ions  wi th  g a s o l i n e  and 
air  mixtures  completed t h e  c a l i b r a t i o n  t e s t  s e r i e s .  The test program 
was s t a r t e d  t o  eva lua te  s e l e c t e d  flame a r r e s t e r  dev ices  sub jec ted  t o  a 
fully-developed de tona t ion .  To reduce t h e  requ i red  number of comparative 
t e s t s ,  a s tandard t e s t  cond i t ion  was e s t a b l i s h e d  t h a t  would use a n  
equivalence  r a t i o  of 1.1 and an i n i t i a l  f low v e l o c i t y  of  4.6 m / s  (15 
f t / s )  f o r  a l l  subsequent a r l a e s t e r  e v a l u a t i o n  t e s t s .  
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SECTION VIII 
ARRESTER EVALUATION TESTS 
A. PIPE TEXS AND RUPTURE-DISC IN-LINE TEST ASSEMBLY 
The f i r s t  device  t o  be eva lua ted  was not  an a r r e s t e r  i n  t h e  t r u e  
sense ,  bu t  a combination o f  two ex t ra - s t rong  15.2-cm- (6.0-in.-) d iameter  
pipe tees and r u p t u r e  d i s c s .  They were assembled i n  a n  arrangement 
t h a t  cac3ed t h e  de tona t ion  wave t o  make two 90-deg t u r n s  before  proceeding 
a long t h e  l eng th  of  pipe.  The t e s t  s e c t i o n  was removed from t h e  test 
assembly and replaced wi th  t h e  p ipe  t e e s  a s  shown schemat ica l ly  i n  
F igure  8-1. The first r u p t u r e  d i s c  was placed i n  t h e  l e g  o f  t h e  p ipe  
t e e  i n - l i n e  with t h e  approaching de tona t ion  wave. A second r u p t u r e  
d i s c  was placed i n  t h e  leg of t h e  t e e  i n  l i n e  with bhe receding detona- 
t i o n  wave. The r e s t r i c t e r  o r i f i c e  p l a t e  was i n s t a l l e d  i n  t h e  downstream 
s i d e  of  t h e  second t e e ,  j u s t  ahead of  t h e  wi tness  s e c t i o n .  
Four t e s t  f i r i n g s  were made wi th  v a r i a t i o n s  o f  t h i s  test conf igura-  
t i o n  (No. 124 t o  No. 1271, where t h e  p r e s s u r e  r a t i n g s  o f  both r u p t u r e  d i s c s  
were reduced i n  t h e  fo l lowing s t e p s :  4137, 2068, 690, and 345 k ~ / m ~  (600, 
300, 100, and 50 p s i d ) .  Both r u p t u r e  d i s c s  were blown ou t  i n  a l l  test 
f i r i n g s  and t h e  de tona t ion  passed through t h e  t e s t  assembly. There was o c l y  
a s l i g h t  r educ t ion  i n  flame v e l o c i t y  and peak p ressure  i n  t h e  wi tness  s e c t i o n  
downstream of  t h e  o r i f i c e  p l a t e .  There appears  t o  be no c o r r e l a t i o n  between 
t h e  magnitude of  t h i s  loss and t h e  rup tu re -d i sc  p r e s s u r e  r a t i n g .  A p l o t  o f  
t h e  r e s u l t s  of  t h e s e  t e s t s  is shown i n  Figure  8-2. The measured p r e s s u r e  
drop a c r o s s  t h e  test assembly, inc lud ing  t h e  o r i f i c e  p l a t e ,  averaged 0.20 k?i/m2 
(0.029 p s i d )  a t  an  average a i r - f low v e l o c i t y  o f  4.68 m i s  (15.35 f t /s) .  
B. PIPE TEE, RUPTURE-DISC NOT-IN-LINE, AND PIPE ELBO'd TEST ASSEMBLY 
Thc s a f e s t  o r i e n t a t i o n  f o r  a r u p t u r e  d i s c  i n  a p i p e l i n e  is  normally 
ve r t i ca l ly -up  s o  t h a t  t h e  r e l e a s e  o f  flame and high-pressure g a s  w i l l  
no t  impact ad jacen t  i n s t a l l a t i o n s .  The pipe  t e e ,  rupture-  :c not-  
i n - l i n e ,  and pipe elbow t e s t  assembly was developed t o  p r ~  - t h i s  
o r i e n t z t i o n  and t o  lower t h e  p ip ing  i n l e t  i n t e r f a c e  with a n  ; r e s t e r .  
This lower i n t e r f a c e  was a l s o  used with two of  t h e  s e l e c t e d  a r r e s t e r  
t e s t  assembl ies ,  which were evaluated l a t e r .  Th i s  t e s t  assembly i s  
shown schemat ica l ly  i n  Figure  8-3. 
Four test  f i r i n g s  were made with t h i s  t e s t  conf igura t ion  (No. 
128 t o  No. 131) where t h e  p ressure  r a t i n g  of t h e  r u p t u r e  d i s c  was reduced 
i n  t h e  same s t e p s  a s  above. The rup tu re  d i s c  was blown o u t  i n  a l l  
t e s t  f i r i n g s  and t h e  de tona t ion  passed through t h e  t e s t  assembly. 
Figure  8-4 i s  a p l o t  of  the  r e s u l t s  f o r  t h e s e  t e s t s .  For two t e s t s ,  
t h e  flame v e l o c i t y  and peak p ressure  i n  t.he wi tness  s e c t i o n  showed 
on ly  c s l i g h t  dron i n  l e v e l s .  For t h e  two o t h e r  t . e s t s ,  t h e  drop was 
more s i g n i f i c a n t .  However, t h e r e  is still  no apparent  c o r r e l a t i o n  
between t h i s  l o s s  and t h e  rup tu re -d i sc  p ressure  r a t i n g .  I t  appears  t o  
be a random phenomenon. The measured p ressure  drop a c r o s s  t h e  t e s t  
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assembly, including the orif ice plate, averaged 0.21 4 k ~ / m ~  (0.03 1 
psid) at an average air flow velocity of 4.71 m/s (15.46 ft/s). 
C . SHAND AND JURS SPIRAL-WOUND , CRIMPED ALUMINUM RIBBON ARRESTER 
TEST ASSEMBLY 
The spiral-wound, crimped aluminum ribbon core element was removed 
from a Shand and Jurs commercial flame arrester housing model No. 94/305/16/11. 
The 15.2-cm (6.0-in.) wide (L) aluminum ribbon had a crimp height (H) 
of 0.137 cm (0.054 in.), which gives a flow passage hydraulic diameter 
(Dh) of 0.114 cm (0.045 in.) and a length-to-diameter ratio (L/Dh) 
of 133. This core element was installed into a high-pressure housing 
made from an extra strong 30.5-cm- (12-in.-) diameter pipe 15.2 cm (6.0 
it1.1 long. A mounting ring with a retainer grid was placed on each 
end of the housing as shown in Figure 8-5. The arrester test assembly 
consisted of a pipe tee, rupture disc not in line, and pipe elbow on 
the upstream side of a pair of 30.5- to 15.2-cm- (12-to 6-in.-) diameter 
concentric and eccentric extra-strong flanged pipe reducers. The arrester 
housing assembly was mounted between the two 30.5-cm- (12-in.-) diameter 
flanges as shown in Figure 8-6. 
The Shand and Jurs arrester test configurations (No. 132 to No. 136) 
were subjected to nine stable detonations. There was no evifience in 
the witness section that detonation passed through the arrester. A low-level 
peak pressure pulse of around 290 kN/m2 (42 psia) was measured at the downstream 
side in the witness section. In four tests, the rupture-disc pressure rating 
of the inlet pipe tee was increased in four steps from 690 to 4137 k ~ / m ~  
(100 to 600 ps"). This had no effect on the capability of the arrester 
in stopping the detonation, even when the highest rated disc failed to blow 
out. In the final test firing, the arrester housing was removed from the 
test assembly and the two 30.5-cm- (12-in.-) diameter flanges were bolted 
together. The rupture disc was blown out and the detonation passsd through 
the test assembly, verifying the functional capability of the flame sensors 
in the witness section. The results of these tests are plotted in Figure 
8-7. 
The pre- and posttest-measured pressure drop across the arrester 
test assembly averaged 0.152 kN/m2 (0.022 psid) at an average air flow 
velocity of 4.68 m/s (15.35 ft/s). Posttest inspection of the arrester 
showed a slight indentation of the retainer grid on tne downstream side of 
the core element. The retainer grid was bowed downstream about 0.16 cm 
(0.063 in.) at the axial center line. There was a separation of the 
crimped ribbon layers near the outer perimeter of the core at the upstream 
interface with the mounting ring as shown in Figure 8-8. This separation 
continued through the full depth of the core in some places. It was 
probably caused by the radial component of the detonation wave reflected 
off the inner pipe wall or the inlet of the mounting ring. 
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F i g u r e  8-4. P i p e  Tee Rupture  Disc N o t - I n - l i n e ,  and P i p e  
Elbow Assembly T e s t  R e s u l t s  
Figure 8-5. Shand and Jurs Spiral-Wound, Crimped Aluminum 
Ribbon Arrester Assembly 
D . AMAL SPIRAL-WOUND , CRIMPED STAINLESS-STEEL RIBBON ARRESTER 
TEST ASSEMBLY 
The Amal spiral-wound, crimped stainless-steel ribbon arrester core 
element was a model Nc. 188/905/15/ 1 8 / C N .  The stainless-steel ribbon was 
3.81 cm (1.5 in. l w i d e  w i t h  a crimp height of 0.046 cm (0.018 in. 1, vbich 
gives a flow passage hydraulic diameter of 0.038 cm (0.0 15 in. 3 and a 
length-to-hydraulic-diameter ratio n 100. This core element was 
installed in a high-pressure housing of 25.4-2 i ( 1 i n .  1 diameter by 
3.8-om ( I .5-in. 1 length. Mounting rings w i t h  support grid, r i rn i la~  to 
the Shand and Jurs arrester, were placed on each end. Figure 8-9 is 
a photograph of' this arrester assembly, The test assembly was also 
similar, except that t h e  extra-strong p i p e  reducers were 2 5 . 4  to 15.2 cm 
( 10 t o  6 i n .  in diameter to accommod~te t h e  smaller cqre s ize .  A r u p t u r e -  
disc pressure rating of 690 k ~ / r n ~  ( 1b0 psi:) was used. Figure 8-10 
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Figure 8-7. Shand and Jurs Spiral-Wound , Crixped Aluminum 
Ribbon Arrester Assembly Test Results 
Figure 8-8. Shand and Jurs Spiral  Wound, Crimped Alminum 
Ribbon Arrester Core Post tes t  Shovfng Ribbon 
Separation 
The A m a l  arrester test configuration (No. 13-71 m s  successful 
in stopping the detonation i n  only  the first al. Four test firings. 
The r -rture disc was biom out on a l l  tes ts .  Flare v e l o c i t y  recorded 
in t h e  witness section was only 600 m/s I1968 Ft /s )  in t h -  D last three 
tests. When t i e  detonation uas stopped, the  peak pressure pulse  r: ,wn- 
stream of the arrester meaaurd about 360 k W m 2  (52 p c i a ) ,  but  increased 
t o  600 ks/rn2 (87 ps ia)  men the flame penetrated. A plot of the results 
of these tests is shorn in Figure 8-1 1. 
The pre- and psttest  pressure drop across the hal arrester test 
assembly d i d  not ;zry appreciably.  It averaged 0.428 kb!lrn2 (C1.052 p s i d )  
for an average a i r  flow velocity of 4.76 m/s (15.68 ft/s). Post tes t  
inspection of the core element showed no evidenc? of damage that could 
have caused the failme. The retailer grid uas bolred downstream 0.64 cm 
(0.25 in.) a t  the ax: 11 centerline, indicating that same d i s t o r t i o n  had 
occurred tO t h e  core element under the detonatior. uave loading, bbt 
apparently t he  care element had returned t l  i ts  o r i g i n d  s h a p .  
Figure 8-9. h a 1  Spiral-Wound, Crimped Stainless-Steel 
Ribbon Arrester Assembly 
E. WHESSOE FOAMED METAL ARRESTER TEST ASSEMBLY 
The Ret imet 80-grsde foamed nic kel-chrome alloy core element was 
removed from a prototype Whessoe arrester and installed into a high- 
pressure housing 25.4-cm I 1 0-in . ) d i  meter by 1 .3-cm ( 0.5-in. I length . 
Mounting rings with support grids were placed en each side. Figure 8-12 
is a photograph of the arrester components before assembly. T h i s  arrester 
assembly was mounted between the same p i p e  reducers used for the Amal 
arrester tes ts .  A ripture-disc pressure rating of 690 k ~ / r n ~  1100 psid) 
was used. 
The Whessoe arrester test configuration (No. 136) was successful in 
stopping the detonation in three tests.  The rupture disc was blown out 
on all tests. F?s- and posttest ressure drop measured across t h e  arrester Ir test assembly avnraged 0.241 kK/m (0.035 psid) at an average air  flow 
velbcity  of 4.74 m/s 1 t5.54 ftJs). After the  third test, the Eeasured 
pressure loss dropped t o  0.1 SO kt4/m2 (0.016 p s i d l  . Posttest inspection 
revealed that e 'ction of the Retimet foamed metal core element had been 
extruded throug:- ,he downstream retainer grid, l eav ing  a large hole  as 
shorn in Figure 8-13. 
Figure b-10. Ama Spiral-Wound , Crimped Stainless-Steel 
Rit bon kr rester Test Installation 
The 80-grade foamed metal was replaced in t h e  housing with t h e  
alternate 45-grade foamed metal and reinstalled into the arrester test 
configuration (No. 139). One addi t iona l  test f i r ing  was made, but this 
arrestar failed to stop the  detonation. The test results presented 
in Figure 8- 3 4 show a large drop in flame  peed to q5 m / s  ( 148 f t/s 1 a t  
the  downstream side of the arrester after penetration. A low-level peak 
pressure pulse ranging From 250 to  470 kF4/rn2 (36  to 68 psia) was measvred 
in the witness sect ion on a l l  test firings. Pre- and posttest pressure 
loss meesured across the %-grade fosmed-metal arrester t e s t  assembly was 
0.130 kP4/rn2 (0 .O? 9 p s i d )  ae an alp-f low velocity of U '78 m / s  I 15.68 ft/s) 
The posttest inspection showed no damage to this arrester core element. 
F. WATER-TRAP ARRESTER TEST ASSEMB1.Y 
The water-trap arrester test assembly was in s ta l l ed  i n t o  t h e  
test  section. This arrester vessel was made using 45.7-cm- I18.0-in .- 1 
diameter extra-strong p i p i n g  91.4 cm (36 in.) lone with a p i p e  cap 
on the lower eed and a flanged cuver containing a b l ~ w o e t  port ~n the 
top.  There were two 15.2-em- ( 6  .&in.-) diameter flanged side p :ts. 
One of these ports contained a p i p e  elbow i n s i d e  t h e  vessel A t h  a 
30.5- t o  15.2-em- ( 12- t o  6-in,-) diameter concenkric pipa  -eclucer 
d i r e c t e d  towards t h e  bottom. The lower end o f  t h e  reducer  had t h r e e  
rows o f  2.54-cm- (1.0-in.-) d iameter  h o l e s  d r i l l e d  through t h e  wall So 
t h a t  t h e  assembly funct ioned as a bell-mouth d i f f u s e r .  A schemat ic  
drawing o f  t h i s  a r r e s t e r  assembly is shown i n  Figure  8-15. The i n l e t  
p ip ing cons i s t ed  o f  a pipe  t e e ,  not - in- l ine  r u p t u r e  d i s c ,  and a pipe  
elbow. A similar reversed assembly was used a t  t h e  arrester e x i t .  
A t h i r d  rupture-disc  assembly was i n s t a l l e d  on t h e  blow-out por t  of 
the  water-trap v e s s e l  cover.  A l l  r u p t u r e  d i s c s  had a b u r s t  p r e s s u r e  
r a t i n g  of 690 k ~ / n ~  (100 p s i d ) .  Water was added t o  t h e  a r r e s t e r  v e s s e l  
u n t i l  t h e  i n l e t  p ip ing and top  row of h o l e s  i n  t h e  d i f f u s e r  b e l l  were 
immersed 15.2 cm (6.0 i n . )  below t h e  su r face .  A photograph o f  t h e  test 
i n s t a l l a t i o n  is shown i n  Figure  8-16. 
Five t e s t  f i r i n g s  were made with t h e  water- t rap  test c o n f i g u r a t i o n  
(No. 140),  and t h e  de tona t ion  was stopped f o r  a l l  t e s t s .  The upstream 
rup tu re  d i s c  on t h e  i n l e t  p ipe  t e e  was blown o u t  i n  each f i r i n g .  The 
downstream rup tu re  d i s c s  on t h e  a r r e s t e r  cover and e x i t  p ipe  t e e  remained 
i n t a c ~ .  There was no measurable peak-pressure pu l se  pass ing through t h e  
wi tness  s e c t i o n  i n  any of  t h e s e  f i r i n g s .  Water l e v e l  i n  t h e  a r r e s t e r  
was reduced by 0.64 t o  1.91 cm (1/4 t o  3/4 i n . )  dur ing  t e s t i n g  and was 
replaced before  t h e  next f i r i n g .  This  amounts t o  1/2 t o  2 liters of 
water l o s s  t h a t  can be r e l a t e d  t o  the  l eng th  of  a i r - f low run t ime before  
each t e s t  f i r i n g .  There was no evidence o f  water i n  t h e  downstream p ip ing  
o r  a t  t h e  shock tube e x i t ,  s o  t h e  l o s s  had t o  be due t o  evaporat ion and 
convection caused by air  flow. Pre- and p o s t t e s t  p ressure  l o s s  measured 
a c r o s s  t h e  water- t rap  a r r e s t e r  t e s t  assembly averaged 1.655 k ~ / m ~  (0.240 
psid! a t  an average a i r - f low v e l o c i t y  o f  4.66 m / s  (15.29 f t / s )  . 
I n  t h e  s i x t h  t e s t ,  a l l  t h e  water was dra ined from t h e  a r r e s t e r  
v e s s e l  before  f i r i n g .  The de tona t ion  passed through t h e  a r r e s t e r  t e s t  
conf igura t ion  (No. i 4 l ) ,  as shown i n  t h e  p l o t  of  t h e s e  t e s t  r e s u l t s  i n  
Figure  8-17. Flame v e l o c i t y  i n  t h e  wi tness  s e c t i o n  was measured a t  950 
m / s  (31 17 f t / s )  znd a peak-pressure pu l se  a t  around 900 k ~ / m ~  (130 p s i a )  
was experienced.  A l l  t h e  rup tu re  d i s c s  were blown ou t  i n  t h i s  i a s t  t e s t  
f i r i n g .  P o s t t e s t  i n s p e c t i o n  showed no damage t o  the  a r r e s t e r  t e s t  assembly. 
G. VERTICAL BED OF ALUMINUM BALLAST RINGS ARRESTER 
TEST ASSEMBLY 
The v e r t l c a l  bed a r r e s t e r  test assembly u t i i i z e d  t h e  water- t rap  
v e s s e l  f o r  t h e  lower housing. The v e s s e l  was disconnected from t h e  i n l e t  
pipe elbow and reversed  180 deg, exchansing t h e  i n l e t  and o u t l e t  p o r t s .  
A b l ind  f l ange  was used t o  c l o s e  o f f  t h e  unused o u t l e t  p o r t .  The v e s s e l  
cover was removed and a 45.7-cm- (18-in.-) diameter f l ange  pipe spool  
s e c t i o n ,  91.4 cm (36 i n . )  long,  was i n s t a l l e d  on t o p  of t h e  lower housing. 
The o u t l e t  pipe elbow and pipe t e e  were inver ted  and r e l o c a t e d  t o  an 
o u t l e t  por t  on t h e  downstream s i d e  of t h e  spool  s e c t i o n .  A suppor t  
g r i d  r i n g  covered wi th  heavy wire  mesh was i c s t a i l e d  i n t o  t h e  housing 
assembly j u s t  above t h e  i n l e t  p o r t .  The i n t e r n a l  volume between t h e  
i n l e t  por t  and t h c  o u t l e t  p o r t ,  a d i s t a n c e  o f  €3.5 cm (25  i n . ) ,  was 
f i l l e d  with 2.54-cm- (1.0-in.-) diameter by 2.54-cm- (1.0-in.-)  long 
alumicum B a l l a s t  r i n g s  ( i d e n t i c a l  i n  conformation t o  P a l l  r i n g s )  obta ined 
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Figure 8-11. Amal Splral-Wound, Crimped Stainless-Steel 
Ribbon Arrester Assembly Test Results 
Figure 8-12- Whessoe Foamed Metal Arrester Test Assembly Exploded 
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Figure t- f 3. I*?lessoe Foaaed Metal Arrester 
T~st Assembly Posttest Showing 
Damaged Core 
from G l i t s c h ,  Inc.  A second wire-mesh-covered g r i d  r i n g  was i n s t a l l e d  
on top  of  t h e  bed of r i n g s  and held secure ly  i n  p lace .  The v e s s e l  
cover ,  wi th  a rup tu re  d i s c ,  was i n s t a l l e d  on t h e  t o p  of t h e  spool  s e c t i o n .  
A water spray i n j e c t o r  f o r  t h e  LUP of  t h e  bed wzs i n s t a l l e d ,  but  was 
not  plumbed i n .  Figure  8-18 is a schematic drawing of  t h e  v e r t i c a l  bed 
a r r e s t e r  test assembly and a photograph o f  t h e  t e s t  i n s t a l l a t ~ o n  is 
shown i n  Figure  8- 19. 
Five t e s t  f i r i n g s  were made wi th  t h e  v e r t i c a l  bed a r r e s t e r  t e s t  
conf igura t ion  (No. 142); 690 kN/m2 (100 y s i d )  r u p t u r e  d i s c s  were i n s t a l l e d  
on a l l  blow-out p o r t s .  The de tona t ion  was i i r r e s ted  i n  a l l  tests and 
on ly  t h e  rup tu re  d i s c  on t h e  i n l e t  t e e  was blown o u t .  There were no 
measurable peak-pressure pu l ses  pass ing through t h e  wi tness  s e c t i o n .  
A p l o t  of these  test r e s u l t s  is shown i n  Figure  8-20. 
Pre- and p o s t t e s t  p ressure  l o s s  measured a c r o s s  t h e  a r r e s t e r  t e s t  
assembly averaged 0.050 kN/m2 (0.007 p s i d )  a t  an average a i r - f low v e l o c i t y  
o f  4.64 m / s  (15.23 f t / s ) .  P o s t t e s t  i n s p e c t i o n  of  t h e  arrester assembly 
revealed compaction o f  t h e  bed due t o  d i s t o r t i o n  of  t h e  B a l l a s t  r i n g s .  
This  was probably caused by t h e  f a c t  t h a t  t h e  lower suppor t  g r i d  riiig was 
not  r e s t r a i n e d  i n  t h e  v e r t i c a l  d i r e c t i o n .  The incoming de tona t ion  pres-  
su re  wave forced t h e  bottom g r i d  r i n g  up, crushing t h e  bed o f  r i n g s  
aga ins t  t h e  top  r e s t r a i n e d  g r i d  r i n g .  Both suppor t  g r i d  r i n g s  were 
t o  be r e s t r a i n e d  a g a i n s t  any v e r t i c a l  f o r c e s  i n  l a t e r  t e s t s .  
The repeated success  wlth t h e  '?y bed of  B a l l a s t  r i n g s  i n  a r r e s t i n g  
t h e  de toaa t ion  e l imina ted  t h e  need f o r  water i r r i g a t i o n  t h a t  would have 
been used t o  inc rease  t h e  a v a i l a b l e  hea t  s i n k .  Therefore ,  t h e  i r r i g a t e d  
bed conf igura t ion  was de le ted  from t h e  t e s t  s e r i e s .  
H. LINDE HYDRAULIC BACK-PRESSURE VALVE ARRESTER TEST ASSEMBLY 
The Linde Model Nn. H-20 hydrau l i c  b&k-pressure va lve  was a 
s tandard commercial u n i t ,  t h a t  had t o  be modified s l i g h t l y  by removing 
a 7.6-cm- ( 3  .&in.-) d i a a e t e r  one-way check va lve  on t h e  i n l e t  p ip ing  
and t h e  enlargement of  t h e  i n l e t  por t  t o  a 10.2-cm- (4.0-in.-) diamet.:r 
nominal p ipe  s i z e .  Two 15.2- t o  10.2-cm- (6.0- t o  4.0-in.-) d iameter  
pipe reducer elbows were used t o  adapt t h i s  a r r e s t e r  t o  t h e  15.2-cm- 
(6.0-in.-) diameter pipe t e e s  on t h e  i n l e t  and o u t l e t  p ip ing  a s  shown 
on t h e  schematic drawing i n  Figure  8-21. The rup tu re  d i s c s  had t o  be 
i n s t a l l e d  on t h e  vert ically-down less of' both t h e  i n l e t  and o u t l e t  
pipe t e e s .  The Linde a r r e s t e r  was f i l \ e d  wi th  water up t o  t h e  gaging 
por t .  This  placed t h e  lower end of t h e  10.2-cm- (4.0-in.-> diameter  
i n l e t  por t  approximately 15.2 cm (6.0 i n . )  under t h e  water i n  t h e  two 
p a r a l l e l  20.2-cm- (8.0-in.-) d iameter  v e r t i c a l  p ipe  chambers. A photograph 
of t h i s  t e s t  i n s t a l l a t i o n  is shown i n  Figure  8-22. 
Five t e s t  f i r i n g s  were made on t h e  Linde a r r e s t e r  t e s t  conf ibura-  
t i o n  (No. 143) wi th  690 kN/m2 (100 p s i d )  r u p t u r e  d i s c s  i n s t a l l e d  on 
t h e  two blow-out p o r t s .  The de tona t ion  was a r r e s t e d  f o r  a l l  tests. 
Only the  r ~ p t u r e  d i s c  on t h e  i n l e t  pipe t e e  was blown o u t .  There was 
;lo measurable peak pressui.e pu l se  pass ing through t h e  wi tness  s e c t i o n .  
These t e s t  r e s u l t s  a r e  p l o t t e d  i n  Figure  8-23, The water l e v e l  l o s s  
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Figure 8-14. Whessoe Foamed Metal Arrester Assembly Test Results 
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Figure 8-1 6 .  Water-Trap Arrester Test I n s t a l l a t i o n  
ranged from 0.63 to 4.45 cm ( 1 J h  t o  t 3/4 I n . ) ,  depending on t h e  1.ength 
of run-in time. The volume of water loss  was equ iva lent  t o  1/2 t o  3 
liters and was replaced arter each t es t .  No v i s i b l e  qcant i ty  of water 
was detected In the downstream p l p i ~ :  or at  the exit of t h e  shock tube. 
Pre- and posttest pressure loss across the arrester averaged 2.027 
k ~ / r n ~  (0.294 p s i d )  a t  an average air-flow ve loc i ty  of 4.65 m/s ( 15.27 ft/s) . 
The water was removed from the Linde arrester through a drain  
valve,  and a s ix th  test  firing made, The detonation was arrested and 
o n l y  the Inlet rupture d isc  -$as blown aut .  This was an unexpected 
turn of events that required further investigatton. The drain ~alve, 
alonq with the  mounting p ipe  reducer bushing, was removed for closer 
i n s p e c t i o n .  A small amount of water r e m a i n i n g  i n  the bottm of t h e  
arrester was d r a i n e d  out.  The drain  valve was r e i n s t a l l e d  and two more 
t e s t  firings were made w i t h  the dry Linde arrester conf igurat ion  (No. 
1 4 4 1  w i t h  643 k!i/rn2 1103 p s i d l  rupture d iscs  i n s t a l l e d .  The d e t o n a 5 i c n  
was not arrested dnd both the i n l e t  and outlet ruptu-e disc- were hlown 
out. 
In trying to dupl icate  t h e  previous anomaly. Ule arrester  was again 
filled with water up to the gaging port. Another test f i r i n g  was made 
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Figure 8-19. Vertical Bed of Ballast Rings Arrester Test Installatkon 
where the detonation was arreated and only the i n l e t  rupture disc was 
blom out. A t  this point,  the water uas removed from the arrester through 
the drain valve,  just as in t h e  previous t e s t  series. A f ina l  test 
firing was made w i t h  the dry arrester. The detonation was not arrested 
and both rupture discs were b l o m  out. I t  is believed that the drain 
valve became plugged with some forelgn object in the first attempt t o  
Femove the water, and this small amount of water caused the  unexpected 
quenching of the  detonation in t h e  supposedly dry test firing. Pressure 
loss across the dry arrester averaged 0.407 k~/rn* (0.059 psid) a t  an 
average air-flow velocity of 4.63 m/s ( 15.2 ftls) . Posttest inspection 
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F i g u r e  8-23. L i n d e  H y d r a u l i c  Back-Pressure  V a l v e  A r r e s t e r  
Assembly T e s t  R e s u l t s  
SECTION I X  
ARRESTER EVALUATION TESTS USING DOWNSTREAM IGNITION 
A.  REVERSAL OF TEST FACILITY PIPING 
The test  f a c i l i t y  15.2-cm- (6.0-in.-) d i ame te r  p i p i n g  was comple t e ly  
removed and reassembled f o r  t h e  downstream i g n i t i o n  tests. A l l  o f  
t h e  p ipe  s e c t i o n s  between t h e  i n l e t  tee s e c t i o n  and t h e  e x i t  e x t e n s i o n  
s e c t i o n  (No. 11) were reve r sed  180 deg.  T h i s  was done t o  r e t a i n  c o n t i n u i t y  
i n  t h e  t e s t  c o n f i g u r a t i o n  and i n s t r u m e n t a t i o n  l o c a t i o n s  from t h e  i g n i t i o n  
s e c t i o n  (No. 1 )  t o  t h e  w i t n e s s  s e c t i o n  (No. 1 0 ) .  The hydrogen-air- 
s p a r k  i g n i t e r  was o r i e n t e d  t o  fire downstream wi th  t h e  gasoline-and- 
a i r -mix tu re  f low d i r e c t e d  i n t o  t h e  e x t e n s i o n  s e c t i o n .  The o r i f i c e  
r e s t r i c t e r  p l l t o  was i n s t a l l e d  a t  t h e  e x i t  o f  t h e  e x t e n s i o n  s e c t i o n  
t o  assist flame propaga t ion  back upstream a g a i n s t  t h e  flow. The e x i t  
g a s  sampling r ake  remaired i n  its o r i g i n a l  p o s i t i o n  a t  t h e  e n t r a n c e  
t o  t h e  e x t e n s i o n  s e c t i o n .  A l l  o f  t h e  f lame s e n s o r s  and p r e s s u r e  t r a n s d u c e r s  
remained i n  t h e i r  same l o c a t i o n s  and r e t a i n e d  t h e  same i d e n t i f i c a t i o n  
i n  r e l a t i o n  t o  flame propagat ion  d i r e c t i o n  from t h e  i g n i t i o n  s e c t i o n  
t o  t h e  w i t n e s s  s e c t i o n .  
The wa te r - t r ap  and t h e  Linde a r r e s t e r s  were t h e  o n l y  two a r r e s t e r s  
s e l e c t e d  f o r  e v a l u a t i o n  wi th  downstream i g n i t i o n .  Both o f  t h e s e  d e v i c e s  
have s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  geometr ic  a r rangements  between t h e  
i n l e t  and o u t l e t  c o n f i g u r a t i o n s .  Also, t hey  a c c e p t  flow-through i n  o n l y  
one d i r e c t i o n .  
0 .  LlNDE HYDRAULIC BACK-PRESSURE VALVE ARRESTER TEST ASSEMBLY 
The Linde a r r e s t e r  was i n s t a l l e d  i n  t h e  upstream test s e c t i o n  
(No. 9 ) .  Or iented  i n  t h e  normal flow-throdgh d i r e c t i o n ,  t h e  same i n l e t  
and o u t l e t  a d a p t e r  p i p i n g  shown i n  F igu re  8-21 was used w i t h  690 k ~ / m ~  
(100 p s l d )  r u p t u r e  d i s c s  i n s t a l l e d  i n  t h e  blow-out p o r t s .  Water was 
added t o  t h e  a r r e s t e r  up t o  t h e  gaging  p o r t .  
For t h e  first test us ing  downstream i g n i t i o n  c o n f i g u - a t i o n  (No. 1451, 
t h e  i n i t i a l  f low v e l o c i t y  was 1.5 m / s  ( 5 .0  f t /s) .  I g n i t i o n  was o b t a i n e d ,  
bu t  t h e r e  was no d e t o n a t i o n .  Flame d i d  not  propagate  upstream b3y011d 
t h e  i g n i t i o n  s e c t i o n .  The second t e s t  was made wi th  t h e  i n l e t  v a l v e  
c l o s e d  af ter  t h e  p ip ing  was f i l l e d  wi th  t h e  g a s o l i n e  and a i r  m i x t u r e ,  
s o  t h e r e  was no mixture  f lowing a t  t h e  time o f  i g n i t i o n .  I g n i t i o n  was 
o b t a i n e d ,  bu t  aga in  t h e r e  was no d e t o n a t i o n .  The f lame had propagated  
up through t h e  s t a b i l i z e r  s e c t i o n  (No. 2 ) ,  b u t  d id  no t  c o n t i n u e  th rough  
t h e  t u r b u l e n t  l i n e r  run-up s e c t i o n s  (Nos. 3,  4 ,  and 5 ) .  A t h i r d  test  
a t  no-flow c o n d i t i o n  was made af ter  t h e  i n j e c t i o n  d i r e c t i o n  o f  t h e  
hydrogen-air-spark i g n i t e r  was r e v e r s e d  180 deg from downstream t o  
upstream o r i e n t a t i o n .  Again, i g n i t i o n  was o b t a i n e d ,  b u t  no d e t o n a t i o n .  
The flame had not  propagated through t h e  t u r b u l e n t  l i n e r  run-up s e c t i o n s .  
To e l i m i n a t e  any i n f l u e n c e  water  vapor may have had on f lame p ropaga t ion ,  
t h e  water was d ra ined  from t h e  Linde arrester. A f i n a l  test f i r i n g  
was made wi th  t h e  no-flow c o n d i t i o n ,  b u t  t h e  r e s u l t s  were no d i f f e r e n t .  
A t  t h i s  p o i n t  a conf igura t ion  change was made i n  t h e  p ip ing  test 
assembly. The i g n i t i o n  s e c t i o n  (No. 1) and t h e  s t a b i l i z e r  s e c t i o n  
(No, 2)  were in terchanged,  p lac ing  t h e  i g n i t i o n  s e c t i o n  upstream ad jacen t  
t o  t h e  t u r b u l e n t  l i n e r  s e c t i o n s ,  and t h e  s t a b i l i z e r  s e c t i o n  downstream 
next  t o  t h e  extension s e c t i o n .  Also,  t h e  o r i f i c e  p l a t e  was r e l o c a t e d  
upstream a t  t h e  f langed j o i n t  between t h e  i g n i t i o n  s e c t i o n  and t h e  
s t a b i l i z e r  s e c t i o n ,  s o  t h a t  it was posi t ioned j u s t  downstream of  t h e  
hydrogen-air-spark i g n i t e r .  A f a c i l i t y  p iping schematic diagram of 
t h i s  t e s t  assembly is shown i n  Figure  9-1. 
The Linde a r r e s t e r  i n  t h i s  test conf igura t ion  (No. 148) was r e f i l l e d  
with water up t o  t h e  gaging p o r t .  Three t e s t  f i r i n g s  were made wi th  no 
i n i t i a l  f low v e l o c i t y ;  a l l  r e s u l t e d  i n  i g n i t i o n s  and de tona t ions .  The 
de tona t ion  was a r r e s t e d  f o r  a l l  t e s t s .  Only t h e  downstream r u p t u r e  d i s c s  
were blown o u t .  
Three a d d i t i o n a l  t e s t  f i r i n g s  wore made with t h i s  same Linde t e s t  
conf igura t ion  at an i n i t i a l  f low v e l o c i t y  o f  1.5 m / s  (5 .0  f t / s ) .  I g n i t i o n  
and de tona t ion  were again  obta ined f o r  each t e s t .  The de tona t ion  was 
a r r e s t e d  f o r  a l l  tests and only t h e  downstream rup tu re  d i s c  was blown 
o u t .  The t e s t  r e s u l t s ,  p l ~ t t e d  i n  Figure  9-2, show no s i g n i f i c a n t  change 
i n  t h e  de tona t ion  wave t e r ~ i n a l  v e l o c i t y  o r  peak p ressure  pu l se  from 
t h e  l e v e l s  obta ined i n  t h e  no-flow t e s t s .  There was no measurable peak 
p ressure  pulse  pass ing i n t o  t h e  wi tness  s e c t i o n .  
Pre- and p o s t t e s t  p ressure  l o s s  measured a c r o s s  t h e  a r r e s t e r  
assembly averaged 1.92 k ~ / m ~  (0.278 p s i d )  a t  a n  average a i r - f low v e l o c i t y  
of 1.61 m / s  (5.28 f t / s ) .  Water l e v e l  i n  t h e  a r r e s t e r  had dropped 2.54 
t o  3.18 cm ( 1  t o  1-1/4 i n . )  dur ing  each t e s t .  This r e p r e s e n t s  a l o s s  
of 1-1/2 t o  3 l i t e r s  of water ,  which was replaced a f t e r  each t e s t .  
Some of t h e  water d i sp laced  from t h e  a r r e s t e r  was d r iven  upstream by 
t h e  de tona t ion  and c o l l e c t e d  i n  t h e  vert ically-down l e g  of  t h e  i n l e t  
pipe t e e .  This  water was dra ined o f f  a f t e r  each t e s t  by loosening 
t h e  f l ange  b o l t s  r e t a i n i n g  t h e  rupture-disc  assembly. 
C.  WATER-TRAP ARRESTER TEST ASSEMBLY 
The water- t rap  a r r e s t e r  was i n s t a l l e d  i n t o  t h e  upstream test 
s e c t i o n  (No. 9 ) .  Oriented i n  t h e  normal flow-through d i r e c t - o n ,  t h e  
same i n l e t  and o u t l e t  adap te r  p ip ing  shown i n  Figure  8-15 was used 
wi th  690 k ~ / m *  (100 ps id )  r u p t u r e  d i s c s  i n s t a l l e d  on t h e  p ipe  t e e  blow- 
o u t  por t s .  A b l i n d  f l ange  was i n s t a l l e d  on t h e  blow-out p o r t  i n  t h e  
water- t rap  v e s s e l  cover.  Water was added t o  t h e  a r r e s t e r  v e s s e l  up 
t o  t h e  gaging p o r t .  
Five downstream i g n i t i o n  test f i r i n g s  were made with t h e  water- t rap  
a r r e s t e r  t e s t  conf igura t ion  (No. 149) a t  an  i n i t i a l  flow v e l o c i t y  o f  
1.5 m / s  (5.0 f t / s ) .  I g n i t i o n  and de tona t ion  were obta ined f o r  each t e s t .  
The detvnat ion was a r r e s t e d  and on ly  t h e  downstream rup tu re  d i s c  was 
blown o u t .  There was no measurable peak-pressure pu l se  passed i n t o  t h e  
wi tness  s e c t i o n .  A p l o t  of  t h e  t e s t  r e s u l t s  is  shown I n  Figure  9-3. 

The water level  in  the ar res ter  vessel dropped around 0.48 t o  
2.22 cm (3/16 t o  7/8 in.) during each t e s t .  This represents a loss  
of 1/2 t o  2 l i t e r s  of water, which was replaced a f t e r  each t e s t .  There 
was no vis ib le  sign of water in the upstream piping, possibly because 
there were no traps i n  the l i ~ e ,  a s  was the case wi th  the Linde arres ter .  
Posttest a i r  flowing through the piping would normally b l v d  any water 
collected upstream back into the arres ter  vessci. Pre- and posttest  
pressure loss measured across the ar res ter  assembly averaged 1 .39 k~/m* 
(0.202 psid) a t  an average a i r  flow velocity of 1.52 m / s  (5 .0  f t / s )  . 
A summary of the t e s t  resul ts  frn a l l  the detonation-flame a r res te r s  
is presented in Table 1-1. 
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SECTION X 
CHMICALLY PURE PROPYLENE DETONATION TESTS 
A de tona t ion  was never  obta ined i n  t h e  f a c i l i t y  check-out t e s t s  
us ing chemically pure  (CP) propane, whereas c a l i b r a t i o n  tests with  
commercial g rade  (CC) propane r e s u l t e d  in s t a b l e  de tona t ions .  C a l i f o r n i a  
Liquid  Gas Corporation,  t h e  s u p p l i e r s  o f  t h e  CG propane used,  could 
n o t  provide  s p e c i f i c  information on t h e  composit ion o f  t h e i r  propane, 
b u t  they  d i d  i n d i c a t e  t h a t  it was i n  compliance wi th  t h e  Gas Producers 
Associa t ion L i q u i f i e d  Petroleum Gas S p e c i f i c a t i o n .  According t o  t h i s  
s p e c i f i c a t i o n ,  t h e  composition is requ i red  t o  be predominantly propane 
and/or  propylene. Hatheson Gas Products  provided a more d e f i n i t i v e  
s p e c i f i c a t i o n  f o r  CG propane as having a minimum p u r i t y  o f  65.0 mole 
pe rcen t  propane, wi th  t h e  main impuri ty  being propylene. 
I n i t i a l  in-house e f f o r t s  t o  determine t h e  CG propane composition 
us ing  g a s  chromatography a n a l y s i s  were unsuccessful .  While t h i s  problem 
was being worked o u t ,  a s e r i e s  of t e s t s  was conducted t o  determine t h e  
de tona t ion  c a p a b i l i t y  o f  CP propylene.  
The test f a c i l i t y  p iping was reassembled i n t o  t h e  upstream i g n i t i o n  
c o n f i g u r a t i o n  t h a t  was s u c c e s s f u l  i n  producing de tona t ion  with CG 
propane dur ing  t h e  c a l i b r a t i o n  t e s t s .  Th i s  is t h e  c o n f i g u r a t i o n  (No. 150) 
shown i n  Figure  3-1. Gasoline i n  t h e  f u e l  supply system was replaced 
wi th  CP propylene. Tes t  f i r i n g s  were made at  an i n i t i a l  f low v e l o c i t y  
o f  4.6 m/s (15.0 ft/s) and a p ropy lene /a i r  equivalence  r a t i o  o f  1.1. 
I g n i t i o n  was ob ta ined ,  but  t h e  t r a n s i t i o n  t o  de tona t ion  d i d  not  occur.  
The r e s t r i c t e r  o r i f i c e  p l a t e  was removed from the  t e s t  assembly and 
a secon6 Lest f i r i n g  was made a t  the  same cond i t ion .  I g n i t i o n  and 
detona . -on were achieved wi th  t h i s  test c o n f i g u r a t i o n  (No. 151 1. A 
t h i r d  test f i r i n g  was mads a t  the  same t e s t  cond i t ion .  I g n i t i o n  and 
de tona t ion  were achieved,  but  t h e r e  was an unexplained slow flame v e l o c i t y  
t r a n s i t i o n  through the  t u r b u l e n t  l i n e r  s e c t i o n s .  A l l  a t t empts  t o  o b t a i n  
a s t a b l e ,  r e p e a t a b l e  de tona t ion  with CP propylene were unsuccessful  
so  t h e  t e s t s  were terminated.  
The nrevious  problem with  t h e  g a s  chromatography a n a l y s i s  was solved 
oy t h e  h . . u i s i t i o n  o f  a new "Porasil-Bn column and by the  r e v i s i o n  of  t h e  
.analyr.ical me+,hod. The CG propane being used was found t o  have a 
ccm-o-ition o f  97% propane, 1.2% e thane ,  0.2% butane,  l e s s  than 0.1% 
prbyylene,  wi th  t h e  balance  being heav ie r  hydrocarbons. The va lues  used 
m t h e  propane q u a n t i t z t i o n  determinat ion were checked a g a i n s t  c e r t i f i e d  
samples and found t o  be accura te  wi thin  approximately &%. 
The c a l i b r a t i o n  t e s t  r e s u l t s  and g a s  chromatography a n a l y s i s  suppor t  
t h e  p o s s i b i l i t y  t h a t  a smal l  percentage of e thane and butane mixed wi th  
propane p ill produce s t a b l e  de tona t ion  i n  pipe run-up t e s t i n g .  CP 
p r o ~ v l e n e  and CP propane appear t o  have poorly def ined de tona t ion  
p**opert ies.  
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SECTION X I  
DEFLAGRATT3d-TO-DETONATION TRANSITION LOCATION TESTS 
Tn the  i n i t i a l  c a l i b r a t i o n  t e s t s ,  a pipe run-up c o n f i g u r a t i o n  
was developed t h a t  would produce s t a b l e  and r e p e a t a b l e  d e t o n a t i o n s  
wi th  8 i s o l i n e  and air mixtures  . The de f lagra t ion-  to-de t o n a t i o n  
t r a n s i t i o n  l o c a t i o n  was well wi thin  t h e  run-up piping con ta in ing  
t h e  t u r b u l e n t  l i n e r s .  Limited v a r i a t i o n s  i n  t e s t  c o n d i t i o n s ,  inc lud-  
ing i n i t i a l  f low v e l o c i t y ,  mixture  r a t i o ,  and back p r e s s u r e ,  d i d  
no t  suppress  t h e  de tona t ion .  The a c t u a l  l o c a t i o n  o f  t h e  p o i n t  o f  
t r a n s i t i o n  remained t o  be i d e n t i f i e d .  A r e l o c a t i o n  o f  flame s e n s o r s  
and dynamic p ressure  s e n s o r s  i n t o  t h e  l i n e d  run-up piping was requ i red  
t o  make t h i s  determinat ion.  
The last run-up s e c t i o n  (No. 5) was removed from t h e  t e s t  a s sembl .~ ,  
and its t u r b u l e n t  l i n e r  was removed, modified,  and r e i n s t a l l e d  i n t o  
t h r e e  insbrumented :3ections (Nos. ?, 8 ,  and 1 0 ) .  Spec ia l  h o l e s  
had t o  be c u t  i n t o  t h e  l i n e r  and a l igned  with the  ins t rumenta t ion  
p o r t s  t o  g i v e  a c l e a r  f i e l d  o f  view f o r  the  flame sensors  and p ressure  
sensors .  The ins t rumected l i n e d  s e c t i o n s  were moved upstream t o  
j o i n  t h e  first two uninstrumented l i n e d  s e c t i o n s  (Nos. 3 and 4 ) .  
The unlined run-up s e c t i o n  (No. 5 )  was r e i n s t a l l e d  downstream between 
t h e  remaining v e r i f i c a t i o n  s e c t i o n  (No. 6 )  acd the  o r i f i c e  p l a t e  
at the  i n l e t  t o  t e s t  s e c t i o n  (No. 9 ) .  Overa l l  make-up l e n g t h  of  
t h e  test piping remained the  same. 
A series o f  t h r e e  test f i r i n g s  was made wi th  the  new t e s t  con- 
f i g u r a t i o n  (No. 165) a t  an i n i t i a l  f low v e l o c i t y  o f  4.6 m / s  (15.0 f t / s )  
and a  g a s o l i n e / a i r  equivalence  r a t i o  of  1 .1 .  A de tona t ion  was produced 
i n  each t e s t .  The t r a n s i t i o n  from d e f l a g r a t i o n  t o  de tona t ion  appeared 
t o  be loca ted  e i t h e r  i n  t h e  f i r s t  instrumented l i n e d  s e c t i o n  (No. 7)  
o r  j u s t  upstream from it,  but  t h e  a c t u a l  l o c a t i o n  was n o t  we l l  def ined.  
A second uninstrumented run-up s e c t i o n  (No. 4  ) was removed 
from the t e s t  assembly. The t u r b u l e n t  l i n e r  was withdrawn, modif ied ,  
and r e i n s e r t e d  i n t o  t h e  remaining instrumented v e r i f i c a t i o n  s e c t i o n  
(No. 6 ) .  These two s e c t i o n s  were then interchanged t c  produce the  
f a c i l i t y  piping assembly shown i n  t,he schematic diagram i n  Figure  
11-1 . Thir-teen t e s t  f i r i n g s  were made with t h i s  t e s t  c o n f i g u r a t i o n  
(No. 166 and No. 167). I n i t i a l  f low v e l o c i t y  was va r i ed  through 
0 ,  1.5,  3.0, 4.6, and 6.1 m / s  ( 0 ,  5 ,  10, 15, and 20 ft/s) with the  
g a s o l i n e / a i r  equivalence r a t i o  of  1.1. The r e s u l t s  of  these  t e s t s  
a r e  p l o t t e d  i n  Figure  11-2. Although t h e r e  is some s c a t t e r  i n  both 
flame v e l o c i t y  and peak p ressure  d a t a ,  a t t e s t i n g  t o  the  complexity 
o f  t h e  t r a n s i t i o n a l  process ,  t h e  preponderance o f  d a t a  i n d i c a t e s  
t h a t  t h e  l o c a t i o n  of  t h e  t r a n s i t i o n  po in t  is about 15.4 m (50.5 f t )  
from the  point  o f  i g n i t i o n .  The run-up l e n g t h  through t u r b u l e n t  
l i n e r  pipe was 1 1.2 m (36.7 f t )  g iv ing  an L / D  of 74. There appears  
t o  be no d i s c e r n i b l e  c a r r e l a t i o n  betw9en the  i n i t i a l  f low v e l o c i t y  
used i n  t e s t i n g  and t h e  r e s u l t i n g  run-up l eng th .  The s t a b l e  deto-  
n a t i o n  wave v e l o c i t y  downstream of t h e  t r a n s i t i o n  is 1800 m / s  
(5906 f t / s )  with a peak p ressure  of  1900 k ~ / m *  (276 p s i a ) .  Some 
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Figure 11-2. Deflagration-to-Detonation Transition Test Results 















peak p r e s s u r e s  measured near the  po in t  o f  t r a n s i t i o n  exceeded 4000 
kN/m2 (580 p s i a )  . 
To determine the  i n f l u e n c e  t h e  equivalence  r a t i o  has on t h e  
de tona t ion  run-up l e n g t h ,  n ine  a d d i t i o n a l  t e s t  f i r i n g s  were made 
at a cons tan t  i n i t i a l  v e l o c i t y  o f  4.6 m / s  (15.0 f t / s ) .  The equiv- 
a l ence  r a t i o  was va r i ed  from 0.7 t o  1.4 i n  s t e p s  of  8.1 f o r  t h e s e  
t e s t s .  The r e s u l t s  o f  these  t e s t s  a r e  p l o t t e d  i n  Figure  11-3, A t  
an equivalence  r a t i o  o f  0.7, t h e  f lowing g a s o l i n e  and air  mix tu re  
would not  i g n i t e .  Inc reas ing  t h e  g a s o l i n e  flow t o  an equivalence  
r a t i o  o f  0.8, the  f lowing mixture  was i g n i t e d ,  b u t  t h e  flame acce le ra -  
t i o n  was too slow t o  reach de tona t ion  v e l o c i t y  wi th in  t h e  test l e n g t h  
o f  run-up piping.  The maximum flame v e l o c i t y  i n  t h i s  test was measured 
a t  600 m/s (1969 f t / s )  and t1.e peak p ressure  a t  900 k ~ / m ~  (131 p s i a )  
in t h e  las'c instrumented s e c t i o n  (No. 10) .  S t a b l e  de tona t ions  were 
obta ined f o r  a l l  t e s t  c o n d i t i o n s  where the  equivalence  r a t d o  ranged 
from 0.9 t o  1.4. The d a t a  are s c a t t e r e d  t o  t h e  e x t e n t  t h a t  t h e r e  
is  no obvious c o r r e l a t i o n  between equivalence  r a t i o  and the  run- 
up l eng th .  The l o c a t i o n  o f  t h e  transi:ion is a t  15.4 m (50.5 f t )  
from the  po in t  o f  i g n i t i o n ,  which is t h e  same l o c a t i o n  determined 
i n  the  previous  t e s t  s e r i e s .  Th i s  is undoubtedly caused by t h e  
f a c t  t h a t  t h e  same d a t a  obta ined a t  an i n i t i a l  v e l o c i t y  o f  4.6 m / s  
( 15.0 f t / s )  and an equivalence  r a t i o  of 1.1 a r e  used i n  both p l o t s .  
It is t h e s e  d a t a  t h a t  produce t h e  maximum l e v e l s  o f  f lame v e l o c i t y  
and peak p ressure ,  which a r e  t h e  c r i t e r i o n  used t o  i d e n t i f y  t h e  
po in t  o f  t r a n s i t i o n .  Data a t  o t h e r  t e s t  c o n d i t i o n s ,  with t h e  one 
except ion,  do not show any c o n s i s t e n t  r e s u l t s  t h a t  i n f l u e n c e  a change 
i n  the  apparent  l o c a t i o n  o f  t r a n s i t i o n .  A de tona t ion  run-up l eng th  
of  11.2 m (36.7 f t )  f o r  the  t u r b u l e n t  l i n e d  15.2-cm- (6.0-in.-! 
diameter p ip ing ,  o r  an L/D o f  74, ho lds  f o r  a l l  c o n d i t i o n s  t e s t e d  
except a t  an equivalence  r a t i o  of  0.8. 
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SECTION X I 1  
FACILITY PIPING RELATIVE ROUGHNESS DETERMINATION TESTS 
The r e l a t i v e  roughness o f  t h e  t u r b u l e n t  l i n e r s  i n  t h e  f a c i l i t y  
piping was required bo r e l a t e  the  experimental  r e s u l t s  o f  de tona t ion  
run-up d i s t a n c e  t o  standard commercial pipe.  A s e r i e s  o f  a i r - f low 
t e s t s  was made t o  measure t h e  p ressure  l o s s  through t h e  15.2- 2m- (6 .O- 
in . - )  diameter f a c i l i t y  run-up piping wi th  varying l e n g t h s  o f  t u r b u l e n t  
l i n e r s  and without t h e  l i n e r s .  The measured d a t a  were used i n  t h e  
Darcy equat ion t o  determine t h e  pipe wall f r i c t i o n  f a c t o r  ( f )  as to l lows:  
( 1  ) Darcy equat ion,  
( 2 )  Solving fo r  f r i c t i o n  f a c t o r ,  
where gc = g r a v i t a t i o n a l  conversion cons tan t  r e l a t i n g  f o r c e  and mass 
A = i n t e r n a l  c ross - sec t iona l  a r e a  o f  pipe 
D = i n s i d e  diameter o f  pipe 
L = l eng th  o f  pipe 
p = f l u i d  d e n s i t y  
P = pressure  l o s s  through pipe 
il = f l u i d  mass flow 
The f r i c t i o n  f a c t o r  is a dimensionless q u a n t i t y ,  and a t  normally 
encountered pipe flows is a func t ion  o f  two o t h e r  d imensionless  q u a n t i t i e r ,  
t h e  r e l a t i v e  roughness ( €/Dl and t h e  Reynolds number (Re),  which a r e  
def ined as follows: 
( 1 ) R e l a t i v e  roughness = t /D 
where: t = he igh t  of  abso lu te  roughness 
4 il 
( 2 )  Reynolds number, R e  = - 
n D tJ 
where t~ = abso lu te  v i s c o s i t y  o f  f l u i d  
I n  Reference 12-1, L.  F. IYoodj has  plBesented two c h a r t s ;  one g i v e s  
the  fu t lc t ional  r e l a t i o n s h i p  between f ,  Re ,  and c/D, and the  second 
r e l a t e s  f ,  E / D ,  and r t o  those  va lues  t y p i c a l  of  commercial pipe and 
tubing.  
The first s e t  o f  experimental  p ressure  l o s s  d a t a ,  which was obta ined 
with t e s t  c o n f i g u r a t i o n s  (No. 157 t o  No. 164) using the  i n s t a l l e d  p ressure  
t r ansducers  and s t eady-s ta te  r e c o r d e r s ,  pr  wed t o  be unrel Lab! e .  The 
t o t a l  pressure  and d i f f e r e n t i a l  p ressure  measurements encountered were 
below t h e  l i n e a r ,  r e p e a t a b l e  range o f  t h e  t r ansducers  employed. They were 
replaced by a v i s u a l l y  read micromanometer t o  measure upstream pressure  
and an inc l ined  manometer t o  measure p ressure  l o s s .  The d a t a  obta ined 
using these  i n s t r u n e n t s  were considered t o  be accep tab le .  
The a i r - f low t e s t s  were made a t  v e l o c i t i e s  o f  1.5, 3.0,  4.6, and 6.1 
m/s (5 ,  10, 15, and 20 ft/s) i n  both inc reas ing  and decreas ing s t e p s .  The 
t--.st conf igura t ions  (No. 168 t o  No. 175) included l i n e d  pipe l e n g t h s  o f  
1,.6, 8.0, and 3.4 rn (41.3 ,  26.2, and 11.2 f t ) ,  and an unlineu pipe l eng th  
of  10.6 m (34 $9 f t )  . Pressure  l o s s  throtlgh each l eng th  was measured f o r  
t h e  cond i t ions  o f  both an oFan o u t l e t  and f o r  t h e  o r i f i c e  pi:.te i n s t a l l e d  
on the  o u t l e t .  A t  t h e  lowest  a i r - f low v e l o c i t y ,  1.5 m / s ,  and the s h o r t e s t  
pipe Z ength ,  3.4 m ,  t h e  p ressure  measurements obtained were ques t ionab le  
because o f  t h e i r  very  low va lues .  However, t h e   measurement.^ made a t  the  
o t h e r  t e s t  cond i t ions  appeared good and produced thc following r e s u l t s :  
Pipe  
Condition Lenath.m a, f ILP 
.-- 
Lined 12.6, 8 .0 ,  and 3.4 2x10 '~  t o  ~ X I O - ~  0.040 t o  0.047 0.010 t o  C.015 
Unlined 10.6 2 x 1 0 ' ~  t o  5 x 1 0 ' ~  0.016 t o  0.020 ( 1 0 ' ~  
The l i n e d  pipe had a f r i c t i o n  f a c t o r  and r e l a t i v e  roughness comparable 
t o  r i v e t e d  s t e e l  p ipe  15.2 cm (6.0 i n . )  i n  diameter.  The un l ined ,  
honed, and polished shock-tube pipe had a f r i c t i o n  f a c t o r  and r e l a t i v e  
roughness lass than any commercial grade smooth p i p .  
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SECTION X I 1 1  
PARAMETRIC TESTS OF DETONATION-FLAME ARRESTERS 
A. DOWNSTREAM PRESSURE PULSE 
A low-level  p r e s s u r e  p u l s e  t h a t  p e n e t r a t e d  through t h e  test arrester 
was measured i n  t h e  w i t n e s s  s e c t i o n  on two o f  t h e  f o u r  g e n e r i c  t y p e s  
o f  f lame c o ~ t r o l  d e v i c e s  found t o  be e f f e c t i v e  i n  a r r e s t i n g  a d e t o n a t i o n .  
The pre. s u r e  p u l s e  l e v e l  ranged frcm 250 t o  470 kN/m2 (36  t o  68  p s i a )  
f o r  t h e  spiral-wound,  crimped aluminum r ibbon  arrester and t h e  foamed 
nickel-chrome metsl a r r e s t e r .  The p r e s s u r e  p u l s e ,  i f  p r e s e n t ,  was below 
t h e  lower s e n s i t i v i t y  l e v e l  o f  207 k ~ / m ~  (30 p s i a )  f o r  t h e  h i ~ h - p r e s s u r e ,  
qua r t z - c rys t a l - t ype  p r e s s u r e  t r a n s d u c e r s  i n s t a l l e d  i n  t h e  w i t n e s s  s e c t i o n  
o f  t h e  v e r t i c a l  bed o f  aluminum B a l l a s t  r i n g s  arrester, t h e  w a t e r - t r a p  
arrest p, and t h e  Linde h y d r a u l i c  back-pressure  v a l v e  arrester. The 
e x i s t e a c e  o f  t h i s  low- leve l  p r e s s u r e  p u l s e  p a s s i n g  through t h e  arrester 
caused some concern as t o  t h e  p o s s i b i l i t y  o f  a r e i g n i t i o n  occu r ing  i n  
t h e  combust ib le  f u e l  and a i r  mix tu re  i n  t h e  p i p i n g  a t  some d i s t a n c e  
beyond t h e  a r r e s t e r .  Although r e i g n i t i o n  was no t  observea  i n  t h e  i n i t i a l  
e v a l u a t i o n  t e s t s ,  it was n o t  known whether  t h i s  was due t o  t h e  s h o r t  
l e n g t h  of  p ip ing  i n  t h e  w i t n e s s  s e c t i o n ,  which was o n l y  1.5 m (5 f t ) ,  
o r  due t o  t h e  f a c t  t h a t  operational p rocedures  t e rmina t ed  t h e  f low o: 
g a s o l i n e  i n t o  t h e  i n d u c t i o n  s e c t i o n  j u s t  p r i o r  t o  i g n i t i o n .  Both o f  
t h e s e  c o n d i t i o n s  u e r e  l a t e r  e v a l u a t e d  by a d d i t i o n a l  t e s t i n g .  A l o n g  
l e n g t h  o f  e x t e n s i o n  p i p i n g  was i n s t a l l e d  downstream o f  t h e  a r r e s t e r  
t e s c  s e c t i o n  and a change i n  t h e  o p e r a t i n g  procedure  was made t o  a l l c w  
g a s o l i n e  and a i r  mix tu re  t o  f l ow  c o n t i n u o u s l y  t h rough  t h e  p i p i n g  sys tem 
f o r  p e r i o d s  up t o  120 seconds  fo l lowing  i g n i t i o n  and d e t o n a t i o n .  
Before proceeding  wi th  cont inuous- f low d e t o n a t i o n  t e s t i n g ,  two o f  
t h e  more a p p l i c a b l e  a r r e s t e r  c o n f i g u r a t i o n s  were f u r t h e r  e v a l u a t e d  wi th  a 
s e r i e s  o f  pa rame t r i c  tests des igned  t o  i d e n t i f y  any  e x i s t i n g  r e l a t i o n s h i p s  
between t h e  measured l e v e l s  o f  downstream p r e s s u r e  p u l s e  and t h e  a r r e s t e r  
s i z e ,  i n l e t  c o n f i g u r a t i o n ,  o r  r u p t u r e  d i s c  p r e s s u r e  r a t i n g .  The two 
c o n f i g u r a t i o n s  s e l e c t e d  were ( 1 )  The Shand and J u r s  sp i ra l -wound,  crimped 
me ta l  r i bbon  arrester and ( 2 )  t h e  v e r t i c a l  bed o f  B a l l a s t  r i n g s  a r r e s t e r .  
bo th  o f  t h e s e  d e v i c e s  are cons ide red  t o  be r e a d i l y  a d a p t a b l e  t o  e i t h e r  
sh iqboa rd  o r  shore-based t a n k  i n s t a l l a t i o n s ,  and cou ld  be made compat ib le  
w i th  a marine environment .  
During t h e  i n i t i a l  t e s t i n g  o f  Shand and J u r s  spiral-wound,  cr imped 
aluminum r ibbon a r r e s t e r ,  a p r e s s u r e  p u l s e  o f  abou t  290 kN/m2 (42  p s i a )  
was measured on t h e  downstream s i d e  ( F i g u r e  8-7) .  The d e t o n a t i o n  p r e s s u r e  
wave on t h e  upstream s i d e  was on t h e  o r d e r  o f  1900 k ~ / m ~  (276 p s i a ) .  
Only 15% o f  t h e  d e t o n a t i o n  wave p r e s s u r e  was t r a n s m i t t e d  through t h e  
15.2-cm- (6-iil .-j  :qng a r r e s t e r  c o r e  e lement .  An i n c r e a s e  i n  c o r e  l e n g t h  
would be  expec ted  t o  reduce  t n e  downstream p r e s s w e  p u l s e  even lower .  
The measured a i r - f l ow  p r e s s u r e  l o s s  a c r o s s  t h i s  c o r e  e lement  averaged  
o n l y  0.152 k ~ / m 2  (0.022 p s i d )  a t  an  ave rage  a i r  v e l o c i t y  o f  4.68 m / s  
(15.35 ft/s) (Tab le  1-1) .  It 3 a p p a r e n t  t h a t  t h e  c o r e  l e n g t h  cou ld  be  
i n c r e a s e d  c o n s i d e r a b l y  and  st^^ o p e r a t e  a t  an a c c e p t a b l e  p r e s s u r e  l o s s .  
T e s t i n g  o f  t h e  v e r t i c a l  bed o f  aluminum B a l l a s t  r i n g s  a r r e s t e r  
produced no measurable p r e s s u r e  p u l s e  i n  t h e  downstream p ip ing .  T h i s  
o r i g i n a l  c o n f i g u r a t i o n  was v e r y  large and heavy compared t o  t h e  Shand 
and J u r s  a r r e s t e r  assembly. The s i z e  o f  t h e  bed o f  packed r i n g s  was 
des igned t o  a s s u r e  i ts flame a r r e s t i n g  c a p a b i l i t y .  T h i s  l a r g e  s i z e  
a l s o  r e s u l t e d  i n  t h e  lowes t  measured a i r - f low p r e s s u r e  l o s s  of a l l  
t h e  arrester c o n f i g u r a t i o n s  t e s t e d .  It was appa ren t  t h a t  t h e  packed 
bed o f  r i n g s  could  be reduced i n  s i z e  wi thou t  developing  a n  unaccep tab le  
h igh-pressure  l o s s ,  p rov id ing  t h e  d e t o n a t i o n  a r r e s t i n g  c a p a b i l i t y  was 
no t  l o s t .  However, a s i g n i f i c a n t  r e d u c t i o n  i n  bed s i z e  would undoubtedly 
be accompanied by a n  i n c r e a s e  i n  t h e  l e v e l  o f  a p r e s s u r e  p u l s e  t h a t  
would pass  through t h e  arrester. A more s e n s i t i v e  lower-range p r e s s u r e  
t r a n s d u c e r  had t o  be employed i n  t h e  w i t n e s s  s e c t i o n  t o  moni tor  any 
measurable v a r i a t i o n s  i n  downstream p r e s s u r e  p u l s e .  
A s e r i e s  of pa rame t r i c  tests were conducted t o  e v a l u a t e  t h e  fo l lowing  
v a r i a t i o n s  on t h e  two s e l e c t e d  t y p e s  o f  de tonat ion-f lame a r r e s t e r s :  
( 1 )  The Shand and J u r s  arrester was t e s t e d  wi th  t h e  s p i r a l -  
wound, crimped s t a i n l e s s - s t e e l  r i bbon  c o r e  e l emen t s  having  
t h e  same crimp h e i g h t  and d i ame te r  as  t h e  o r i g i n a l  aluminum 
core  e lement ,  b u t  w i th  t h r e e  d i f f e r e n t  c o r e  l e n g t h s .  The 
i n l e t  c o n f i g u r a t i o n  was e v e n t u a l l y  changed from t h e  i n d i r e c t  
p ipe  t e e ,  r u p t u r e - d i s c  and pipe-elbow assembly t o  a d i r e c t l y  
connected i n - l i n e  p i p e  t e e  and r u p t u r e - d i s c  assembly where 
t h e  r u p t u r e - d i s c  p r e s s u r e  r a t i n g  was i n c r e a s e d  i n  f o u r  
s t e p s  up t o  a blanked-off  c o n d i t i o n .  
> The v e r t i c a l  bed o f  aluminum B a l l a s t  r i n g s  a r r e s t e r  was t e s t e d  
wi th  f o u r  bed d i a m e t e r s ,  t h r e e  bed d e p t h s ,  t h r e e  B a l l a s t  r i n g  
s i z e s ,  and i n c r e a s i n g  rup tu re -d i sc  p r e s s u r e  r a t i n g  i n  f o u r  
s t e p s  up t o  a blanked-off  c o n d i t i o n .  The i n l e t  and o u t l e t  
c o n f i g u r a t i o n  were t h e  i n d i r e c t l y  connected p i p e  t e e ,  r u p t u r e -  
d i s c  and pipe-elbow as sembl i e s  used wi th  t h e  e x i s t i n g  p r e s s u r e  
v e s s e l  housing.  
B. SHAND AND JURS SPIRAL-WOUND, CRIMPED STAINLESS-STEEL RIBBON ARRESTER 
TEST ASSEMBLIES 
New spiral-wound,  crimped s t a i n l e s s - s t e e l  r i bbon  c o r e  e l emen t s  
f o r  t h e  Shand and J u r s  a r r e s t e r  t e s t  a s sembl i e s  were ob ta ined  from 
G.P.E. Con t ro l s .  They a r e  manufactured i n  on ly  two c o r e  l e n g t h s ,  15.2 cm 
( 6  i n . )  and 20.3 cm ( 8  i n . ) ,  s o  t h e  t h i r d  expe r imen ta l  l e n g t h  was made 
by assembl ing  two 15.2-cm- (6-in.-)  l ong  u n i t s  i n  series i n  a s i n g l e  
30.5-cm- (12-in.-) long h igh-pressure  housing.  The new 20.3-cm ( 8 - i n . )  
and 30.5-cm (12- in . )  a r r e s t e r  hous ings  were i d e n t i c a l ,  excep t  i n  l e n g t h ,  
t o  t h e  e x i s t i n g  15.2-cm (6 - in . )  hous ing ,  and could  in t e rchangeab ly  use  
t h e  two e x i s t i n g  mounting r i n g s  wi th  t h e  g r i d  r e t a i n e r s .  
A l l  t h r e e  l e n g t h s  o f  t h e  s t a i n l e s s - s t e e l  Shand and J u r s  arresters 
were i n i t i a l l y  t e s t e d  us ing  t h e  same test assembly shown i n  t h e  schemat,ic 
drawing, F igu re  9-6. T h i s  c o n f i g u r a t i o n  used t h e  i n d i r e c t  i n l e t  connec t ion  
c o n s i s t i n g  o f  a pip.? Lac,  r u p t u r e  d i s c  no t  i n  l i n e ,  and a p i p e  elbow on 
the  upstream side of a pair of 30.5- to 15.2-m- 112- t o  6-in,-) diameter 
concentric and eccentric flanged p i p e  reducers. A photograph o f  the 
20.3-em- (8 - in  .-) long arrester test assembly is s h ~ m  i n  Figure 13-1 . 
A rup ture  d i s c  w i t h  a pressure rating of 690 kF4/rn2 (100 p s i d )  was installed 
on all these tests.  The two 20,685 kl4/rn2 (3000 $sia) quarts-crystal-typ~ 
pressure transducers uere relocated fram the witness section (No. 101 up- 
stream to  t h e  verification section (No. 7 1 instrumentation pressure ports 
(P71 and P T 2 ) .  Two 344 kWm2 (50 psia) strain-gage-type pressure transducers 
were ins ta l led  into the witness section instrumentation pressure ports 
(P101 aild P104). A l l  test firings were made using gasoline and air mixtures 
at the established standard conditions wi th  the upstream ign i t ion  location. 
Figure 13-1 . Shand and Jurs Spiral-Wound , Crimped Stainless-Steel 
Fiibbon Arrester Test Installation 
The 15.2-cm- ( G i n  .- 1 long stainless-steel Shand and Jurs arrester 
configuration (No. t76  and KO. I T ? )  uas subjected to five stall2 deto- 
nations. The rupture disc was blow out on all tests.  Detonation was 
arrested on the  first four test firings, but on the f i f t h ,  t h e  passwe 
of  a flame t rave l ing  a t  570 m / s  ( 1870 ft/s) was recorded in the witne-s  
section. When thz detonation was arrested, the peak-pressure pu l se  
downstrem of the arrester averaged 344 kt4/m2 (50 psia) . T h i s  same 
pressure increased to 460 k~/rn* (67 ~ s i a )  uhen the  f lame ~enetrated 
the arrester A p l o t  of  these test  results are shown in Figure 13-2. 
Pre- and p o s t t e s t  p ressure  l o s s  a c r o s s  t h e  a r r e s t e r  averaged 0.151 kN/m2 
(0.022 ps id l  a t  an average a i r - f low v e l o c i t y  o f  4.78 m/s (15.68 f t / s ) .  
These a r e  about the  same v a l u e s  recorded f o r  t h e  15.2-cv-(6-in.-) long 
aluminum core  a r r e s t e r  (Table 1-1 ) . P o s t t e s t  inspec  t i o n  o f  t h e  s t a i n l e s s -  
s t e e l  co re  element revealed t h a t  a c i r c u m f e r e n t i a l  displazement had oc- 
curred i n  an over lap  j o i n t  a t  t h e  middle o f  t h e  spiral-wound, crimped 
r ibbon windings. This  produced a double-width gap i n  t h e  windings,  
approximately 6.35-cm (2.5-in.) long,  t h a t  extended through t h e  f u l l  depch 
o f  t h e  core .  A photograph showing an enlarged view o f  t h i s  d i sp lacemer t  
is presented in Figure  13-3. It is bel ieved t h a t  t h i s  was t h e  path  f o r  
flame passage through t h e  a r r e s t e r  on t h e  last t e s t ,  s i n c e  t h e r e  was 
no o t h e r  evidence o f  d i s t o r t i o n  o r  damage. Inspec t ion  o f  t h e  o t h e r  
s t a i n l e s s - s t e e l  co re  elements d i s c l o s e d  t h a t  t h i s  p a r t i c u l a r  u n i t  was 
the  only one t h a t  had been manufacturered wi th  an over lap  j o i n t  i n  t h e  
crimped r ibbon windings. 
The 20.3-cm- ( 8-in .-) long s t a i n l e s s - s t e e l  Shand and J u r s  a r r e s t e r  
conf igura t ion  (No. 178) was sub jec ted  t o  s i x  s t a b l e  de tona t ions .  The 
r u p t u r e  d i s c  was blown o u t  and t h e  de tona t ion  was a r r e s t e d  on a l l  t e s t  
f i r i n g s .  A low-level  peak-pressure pu l se ,  which averaged 320 k ~ / m ~  
(46 p s i a ) ,  was measured i n  t h e  wi tness  sec t ion .  A p l o t  o f  t h e s e  test 
r e s u l t s  a r e  shown i n  Figure  13-4. Pre- and p o s t t e s t  p ressure  l o s t  
a c r o s s  the  a r r e s t e r  average0 0.152 kN/m2 (0.022 ps id )  a t  an average 
a i r - f low v e l o c i t y  o f  4.58 m/s (15.89 f t / s ) .  
The 30.5-cm- ( 12-in .-) long s t a i n l e s s - s t e e l  Shand and J u r s  a r r e s t e r  
conf igura t ion  (No. 179) was sub jec ted  t o  s i x  s t a b l e  d e t m a t i o n s .  The 
r u p t u r e  d i s c  was blown o u t  and t h e  de tona t ion  was a r r e s t e d  on a l l  test 
f i r i n g s .  A low-level peak-pressure pu l se ,  which averaged 260 kN/m2 
(38 p s i a ) ,  was measured in t h e  wi tness  s e c t i o n .  A p l o t  o f  t h e s e  t e s t  
r e s u l t s  a r e  shown in Figure  13-5. Pre- and p c s t t e s t  p r e s s u r e  l o s s  a c r o s s  
the  a r r e s t e r  averaged 0.230 kN/m2 (0.033 ps id )  a t  an average a i r - f low 
v e l o c i t y  o f  4.48 m/s (14.70 f t / s ) .  
The r e s u l t s  o f  the  parametr ic  t e s t s  a r e  suamarized i n  Table 1-2. 
A p l o t  o f  t h e  a r r e s t e r  c o r e  l e n g t h  ve r sus  t h e  dows t ream peak-pressure 
pulse  is shown in Figure  13-6. If t h e  apparent  l i n e a r  r e l a t i o n s h i p  between 
c o r e  l eng th  and peak-pressure pu l se  on t h i s  graph were t o  be ex t rapo la ted  
d o m  to t h e  atmosphere, ( z e r o  peak-pressure pu l se )  t h e  corresponding 
a r r e s t e r  c o r e  l eng th  would be 58.5 cm (23 i n . ) .  It was i m p r a c t i c a l  
t o  v e r i f y  t h i s  r e s c l t  by f u r t h e r  t e s t i n g  s i n c e  t h e  requ i red  a r r e s t e r  
c o r e  element was noL commercially a v a i l a b l e .  The 20.5-cm- (8-in.-) 
long Shand and J u r s  arrester assembly was s e l e c t e d  t o  bc evaluated us ing  
a d i r e c t l y  connected i n l e t  pipe conf igura t ion .  
The i n d i r e c t  i n l e t  connect  ion tc a l l  de tonat ion-  flame a r r e s t e r s  
was i n i t i a l l y  employed t o  reduce t h e  s e v e r i t y  o f  t h e  impacting shock 
wave. The rupture-disc  assembly was used t o  r e l e a s e  t h e  hot  combustion 
g a s  from the  p i p e l i n e  de tona t ion  ra the?  than a l lcwing it t o  f low through 
the  arrester. If t h i s  g a s  r e t a i n e d  enough h e a t ,  it could cause  a r e i g n i t i o n  
o f  t h e  flammable mixtures  dounst.ream of  t h e  arrester. The first asstanption 
proved t o  be wrong, i n  t h a t  t h e r e  was no evidence t h a t  t h e  combustifjn- 
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driven detonation wave was in any way diminished by combinations of 
pipe tees and pipe elbows. The second assumption on combustion gasses 
causing a reignition remained to be evaluated. 
A direct connect inlet was made by rearranging the test  assembly 
inlet pipe tee to an in-line position with the arrester test assembly and 
removing the inlet p i p e  elbow. The branch line of the p i p e  tee,  contain- 
ing the rupture-disc assembly, was directed vert ica l ly  up a s  shown in 
Figure 13-7. A photograph 9f this installation containing t h e  20.3- 
cm- (8-In.-) long stainless-steel Shand and Jurs arrester test assembly 
is presented in Figure 13-8. This configuration (No. 180 t o  No. 183) 
was subjected to six stable detonations. In the Eirst three tests ,  
the rupture-disc pressure rat ing was increased i n  steps through 690, 
2068, and 41 37 kWm2 ( 100, 300, and 600 p s i d  1 . On t h e  last three tes t s ,  
the ~upture-d i sc  assembly was blanked off with a b l i n d  flange. The 
detonation was arrested on a l l  test firings. A low-level peak-pressure 
pulse  that averaged 325 k ~ / r n ~  (47 psfal was measured in the witness 
section. The l eve l  of this pressure pulse was not noticeably influenced 
by the rupture-disc pressure rating or when the blow-out port was blanked 
off. Pre- and posttest pressure loss across the  arrester averaged 0,138 
k ~ / r n ~  10.020 psid J a t  an average air-flow veloei t y  of 4 -44  m/s ( 14.58 
ft/s). A plot  of t3e t e a t  results is shown i n  Figure 13-9 and summarized 
in Table 1-2. 
P o s t t e s t  i n s p e c t i o n  o f  t h e  a r r e s t e r  c o r e  e lement  showed no d i s -  
t o r t i o n  o r  damage t o  t h e  spiral-wound,  crimped s t a i n l e s s - s t e e l  r i b b o n  
windings.  A photograph o f  t h e  ups t ream s i d e  o f  t h e  c o r e  e lement  showing 
a f lame i m p r i n t  o f  t h e  r e t a i n e r  g r i d ,  caused by carbon d e p o s i t ,  is 
p re sen ted  i n  F igu re  13-10. By c o n t r a s t ,  t h e  downstream s i d e  o f  t h e  
same element  shown i n  F i g u r e  13-11 a p p e a r s  v e r y  c l e a n .  The downstream 
r e t a i n e r  g r i d  was bowed s l i g h t l y  a t  t h e  a x i a l  c e n t e r  l i n e  hs shown 
i n  F i g u r e  13- 12. 
C. VERTICAL BED OF ALUMINUM BALLAST RINGS ARRESTER TEST ASSEMBLIES 
The v e r t i c a l  bed o f  B a l l a s t  r i n g s  a r r e s t e r  test  assembly was 
i n s t a l l e d  i n t o  t h e  test  s e c t i o n  i n  t h e  same c o n f i g u r a t i o n  used e a r l i e r  
as shown i n  F i g u r e  8-18. New aluminum B a l l a s t  r i n g s  were o b t a i n e d  
from G l i t s c h ,  Inc .  i n  t h r e e  s i z e s :  ( 1 )  2.54 cm (1 .0  i n . )  i n  d i ame te r  
by 2.54 cm (1 .0  i n . )  l o n g ,  ( 2 )  3.81 cm (1 .5  i n . )  i n  d i a m e t e r  by 3.81 cm 
(1.5 i n . )  l ong ,  and ( 3 )  5.08 cm (2 .0  i n . )  i n  d i ame te r  by 5.08 cm 
(2.0 i n . )  long .  F i g u r e  13-13 shows t h e  t h r e e  d i f f e r e n t  s i z e s  o f  B z l l a s t  
r i n g s  used. The lower s u p p o r t  g r i d  r i n g  covered  w i t h  heavy wire mesh 
was i n s t a l l e d  i n t o  t h e  arrester hous ing  assembly j u s t  above t h e  i n l e t  
p o r t .  T h i s  was fc l lowed by a  welded s p a c e r  assembly  made from two 
2.54-cm (10- in . )  d i ame te r  p ipe  r i n g s  and f o u r  3.81-cm (1 .5 - in . )  s teel  
90-deg a n g l e  b a r s .  The s p a c e r  e s t a b l i s h e d  t h e  packed bed dep th .  A 
second suppor t  g r i d  r i n g ,  a l s o  covered wi th  heavy wire mesh, was p l aced  
on t o p  of t h e  fir:,t s p a c e r  and he ld  down by a second s p a c e r ,  which b u i l t  
t h e  s t a c k  h e i g h t  up t o  t h e  v e s s e l  cover .  T h i s  s t a c k e d  assembly is  shown 
i n  F igu re  13-14. The i n t e r n a l  volume between t h e  two g r i d  s u p p o r t  r i n g s  
was packed wi th  t h e  s e l e c t e d  s i z e  o f  aluminum B a l l a s t  r i n g s .  Tne s p a c e r s  
r i g i d l y  c o n t r o l l e d  t h e  e s t a b l i s h e d  bed dep th  by m a i n t a i n i n g  t h e  p o s i t i o n  
o f  t h e  suppor t  g r i d  r i n g s  a g a i n s t  t h e  d i s p l a c i n g  f o r c e s  o f  t h e  incoming 
d e t o n a t i o n  wave. Three s e t s  of  s p a c e r s ,  two i n  each  s e t ,  p rovided  t h e  
t h r e e  v a r i a t i o n s  i n  bed dep th :  ( 1 )  63.5 cm ( 2 5  i n . ) ,  ( 2 )  45.7 cm (18  
i n . ) ,  and (3 )  22.9 cm (9 .0  i n . ) ,  a l l  a t  a  c o n s t a n t  bed d i ame te r  o f  43.2 
cm (17 i n . ) .  
The v a r i a t i o n s  i n  bed d i a m e t e r s  were accomplished wi th  c y l i n d r i c a l  
p ipe  i n s e r t s  t h a t  were f l a n g e d  on t h e  lower  end t o  c l o s e - o f f  t h e  a n n u l a r  
area between t h e  i n n e r  wall o f  t h e  hous ing  v e s s e l  and t h e  o u t e r  w a l l  
o f  t h e  p ipe  i n s e r t .  I n t e r n a l  d i ame te r  o f  t h e  p ipe  i n s e r t  c o n t r o l l e d  
t h e  packed bed f low p a t h .  The i n s e r t  was lowered i n t o  t h e  v e s s e l  hous ing  
on t o p  o f  t h e  lower suppor t  g r i d  r i n g .  The second s u p p o r t  g r i d  r i n g  
was t h e n  p l aced  on t o p  o f  t h e  i n s e r t  and he ld  i n  p l a c e  by a s p a c e r ,  
which b u i l t  t h e  s t a c k  h e i g h t  up t o  t h e  v e s s e l  cove r .  T h i s  s t a c k e d  
assembly is  shown i n  F igu re  13-15. The volume between t h e  two s u p p o r t  
g r i d  r i n g s  were packed wi th  t h e  s e l e c t e d  s i z e  o f  B a l l a s t  r i n g s ,  bo th  
i n s i d e  t h e  c y l i n d r i c a l  i n s e r t  and i n  t h e  su r round ing  a n n u l u s .  The 
f low pa th  is r e s t r i c t e d  t o  t h e  i n t e r n a l  d i ame te r  o f  t h e  p ipe  i n s e r t .  
I n c l u d i n g  t h e  u n r e s t r i c t e d  v e s s e l  hous ing  and t h r e e  sets o f  c y l i n d r i c a l  
i n s e r t s  and s p a c e r s ,  t h e  f o u r  v a r i a t i o n s  i n  bed d i a m e t e r  a r e  ( 1 )  43.2  
cm (17 i n . ) ,  ( 2 )  33.7 cm (13.25 i n . ) ,  (3) 30.5 cm (12  i n . ) ,  and ( 4 )  
25.4 cm (10 i n . ) ,  a l l  a t  a  c o n s t a n t  bed dep th  o f  63.5 cm (25  i n . ) .  
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Figure  13-4. Shand and J u r s  Spiral-Wound, Crimped S t a i n l e s s - S t e e l  
Ribbon A r r e s t e r  Assembly T e s t  R e s u l t s ,  30.5-cm Diameter 
by 20.3-cm Length 
O OPEN SYMBOL -FLAME SENSOR 
CLOSED SYMBOL - PRESSURE SENSOR 
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VA INITIAL FLOW VELOCITY 
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Figure 13-5. 
FLAME VELOCITY AND PEAK PRESSURE VERSUS PIPE LENGTH 
TEST CONFIGURATION NO. 179 
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Figure 13-5. Shand and Jurs Spiral.-Wound, Crimped Stainless-Steel  
Ribbon Arrester Assembly Test Results, 30.5-cm Diametera 
by 30.5-crn Length 
PRECEDING "L.\:<K NOT FILmD 
I I I I 1 1 1 I 1 
30 35 40 50 58.5 
A R R E S T E R  C O R E  LENGTH. cm 
Figure 13-6. Shand and Jurs Spiral-Wound, Crimped Stainless-Steel 
Hibbon Arrester Core Length Versus Downstream Peak- 
Pressure Pulse 
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Figure 1 3 - 7  Shand and Jurs Spiral-Wound, Crimped Stainless-Steel 
Ribbon Arrester Test A~sembly with Direct Connect 
Inlet  Schematic Drzuing 
Figure 13-8. Shand and Jurs Spiral-Mound, Crimped Stainl?ss- 
Steel Ribbon Arrester Test Installation with 
Direct Connect I n l e t  
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TEST CONFIGURATION N O .  180 TO NC' 
TEST SYMBOL PD,g 
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Figu re  13-9. Shand and J u r s  Spiral-Wound, Crimped S t a i n l e s s - S t e e l  Ribbon 
Arrester Assembly T e s t  R e s u l t s ,  30.5-crn Diameter by 20.3-cm 
Length ,  D i r e c t  Connect I n l e t  
Figure 13- 10. Spiral-Wound, Crimped Stainless-Steel Ribbon 
Core Element, 30,5-cm Diameter by 20.3-cm 
Length, Posttest Upstream Side 
The inlet and o u t l e t  pi? ing  conl~ections to t h e  vertical bed of 
Ballast r ings  arrester were the same combination of p i p e  tees, rupture- 
disc n o t  in l i n e ,  and pipe-elbow assemblies as previousl) used. It 
would have required a major modificatfon to t h e  facility p i p i n g  and 
support st.ructures t o  accompLish a direct in - l ine  inlet and outlet 
connections to  t h e  arr~ster vessel housing.  Rupture-disc assemblies 
with a 690 k~/rn* ( 100 psid) pressure rating were i n s t a l l e d  on t h e  inlet 
pipe  tee,  the vessel cover, and t h e  outlet p i p e  tee. All t e s t  firings 
Mere made using gasoline and a i r  mixtures a t  t h e  standard test conditions 
with  t h e  upstream ignition location. 
Figure 13-1 1 . Spiral-Wound , Crimped Stainless-Steel Ribbon 
Core Slement, 30.5-cm Diameter by 20.3-crn 
Length, Posttest Downstream Side 
The first three bed depth parametric test configurations (No. 
184, No. 185, and No. 186) were all packed with the 2.54-cm- (1.3-in.-) 
diametes by 2.54-cm- ( I .  0-in . - I  long aluminum Ballast rings. A new 
bed of rings uas installed at the start of each test series because 
of the deformation that oecur~ed i n  the rings. Starting with the f u l l -  
size bed t h a t  was 43.2 cm (17 in. 3 in diameter, the  bed depth was *educed 
i n  steps through 63,5 cm (25 in.), 45.7 cm (18  in,), and 22.9 crn ( 9  
in. ) . Each configuration was subjected to  s i x  stable detonations. 
Only t h e  i n l e t  rupture disc was b l o m  out and the detonation was 
arrested on a l l  but tno test  f irings.  On the  fourth and sixth test 
f i r ings ,  w i t h  t h e  22.9-cm (9-in.) bed d c p ~ . h ,  the detonation passed 
through the arrester, blowing out a l l  three rupture d i s c s .  Fleme 
velocity in the witnesa sectlon on these tests was measured a t  &round 
660 m/s (2166 ft/s). When the detonation was arrested t h e  down- 
stream peak pressure pul se  ranged from 181 t o  236 kllmi (26.3 to 311. t 
p s f a ) ,  and showed an increase in pressure level with the reduction 
Figure 13- 12. Spiral-Wound , Crimped Ribbon Arrester 
Mounting Ring, ?osttest Downstream 
Side Showing Deformation of Retainer 
Grid 
Figure 13-13. Aluminum Ballast Rings, T h ~ e e  Sizes 
Figure 13-14. Stacked Assembly of Figure 13-15. Stacked Assembly of 
Support Grid Rings Support Grid Rings 
Covered with Heavy Covered with Heavy 
Wire Mesh and Bed Wire Mesh, Bed 
Depth Spacefa Diameter Insert, 
and Spacer 
in bed depth. On the test firings where the detonation passed through 
the arrester, the peak pressure pulse  exceeded the 450 kfl/m2 ( 6 5  psia)  
upper range of the pressure sensors installed. Plots of the test data 
results for these teats  are shown in Figures 13-16, 13-17, and 13-18. 
Table 1-3 is a summary of the t e s t  results .  
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Figure 13-16. Vertical Bed of Ballast Rings Arrester Assembly Parameter 
Test Results, Bed Size: 43.2-cm Diameter by 63.5-cm 
Depth, Ring Size: 2.54-cm Diameter by 2.54-cm Length 
FLAME VELOCITY AND PEAK PRESSURE VERSUS PlPE LENGTH 
TEST CONFIGURATION NO.  185 
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0 OPEN SYMBOL - FLAME SENSOR 
CLOSED SYMBOL - PRESSURE SENSOR 
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Figure 13-17. Ver,' 
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LAME VELOCITY AND PEAK PRESSURE VERSUS PlPE LENGTH 
TEST CONFIGURATION NO. 185 
DETONATION DID NOT 
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PlPE LENGTH, m 
Figure 13-17. Vertical Bed of Ballast Rings Arrester Assembly Parametric 
Test Results, Bed Size: 43.2-cm Diameter by 45.7-cm 
Depth, Ring Size: 2.54-cm Diameter by 2.54-cm Length 
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FLAME VELOCITY ANDPEAK PRESSURE VERSUS PlPE LENGTH 
TEST CONFIGURATIQN NO. 186 
Figure 13-18. Vertical Bed of Ballast Rings Arrester Assembly Parametric 
Test Results, Bed Size: 43.2-cm Diameter by 22.9-cm 
Depth, Ring Size: 2.54-cm Diameter by 2.54-cm Length 
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The pre- and posttest pressure loss acrosE t h e  arresters ranged 
from 0.057 t o  0.075 kWm2 (0.007 t o  0.61 1 paid1 a t  an average a i r  veloc i ty  
of 4.58 m/s ( 15.03 ft/s) . Pressure loss decreased with the reduction in 
bed depth ,  and generally increased slightly after the first thest firing 
in a series. Posttest inspection of t h e  packed bed of rink ' showed 
about a 35% compaction due t c  distort ion of t h e  Ballast rings. A pasttest 
photograph of a compacted bed of rings is shown in Figure 13-?4. Since 
the support grid riugs were restrained from motion, the compaction 
had t o  be caused by the force of the detonation wave acting on the 
frontal area of the Ballast rings alone. 
A ful l -s ize  arrester bad was used i n  the parametric tests with 
different-size Ballast rings. The 2.54-cm ( 1 .€,-in. ) rings were replaced 
by new 3.81-cm- (1.5-in.-I diameter by 3.81-cm- (1.5-in.-) long aluminum 
Ballast rings in a bed depth of 63.5 ern ( 25  in.). A l l  other parameters 
remained the same. This new arrester configuration (No. t87S was subjected 
t o  four stable detonations. On the first two f i r ings ,  only the inlet  
rupture disc was blown out and the detonation was aryested. On the 
last two firings, a l l  three rupture discs were blown out and flame was 
recorded in the vitness  section with a velocity of around 770 m/s (2530 
f t /s)  . When the  detonation was arrested, the  downstrer.m neak pressure 
pulse average3 290 kr4/rn2 (42.1 psia)  and then exceeded 450 kFJ/rn2 ( 6 5  
pala) when Flame penetrated the arrester. Pre and posttest pressure 
less across the arrester averaged 0.067 k ~ / d  (0.01 0 psid) a t  an average 
air-flow ve loc i ty  4.73 m/s 115.52 ft/s) . The arrester bed was repacked 
. ,. i , , iDING PAGE BLANK NOT FILMED 
wi th  new 5.08-cm- ( 2  .O-in.-) d iaml , te r  by 5.08-cm- (2.0-in.-)  l o n g  
aluminum d a l l a s t  r i n g s  a t  t h e  same bed dep th  o f  63.5 cm (25  i n .  ) . A l l  
o t h e r  parameters  remained t h e  same. T h i s  a r r e s t e r  c o n f i g u r a t i o n  (No. 
188) was s u b j e c t e d  t o  t h r e e  s t a b l e  d e t o n a t i o n s .  The d e t o n a t i o n  was 
a r r e s t e d  on o n l y  t h e  f i r s t  t e s t  f i r i n g .  On t h e  last  two t-. .t  f i r i n g s ,  
a l l  r u p t u r e  d i s c s  were blown o u t  and f lame tias recorded  i n  t h e  w i t n e s s  
s e c t i o n  wi th  a v e l o c i t y  o f  around 733 m / s  (2406 ft /s) . When t' e  d e t o n a t i o n  
was a r r e s t e d ,  t h e  downstream peak pl , s su ra  p u l s e  was 304 kN/m2 (44.1 
p s i a )  and exceeded 450 kN/m2 ( 6 5  p s i a )  when f lame p e n e t r a t e d  t h e  a r r e s t e r .  
Fre- and p o s t t e s t  Vressure  l o s s  a c r o s s  t h e  a r r e s t e r  ave raged  0.056 kN/m2 
(0.008 p s i d )  a t  an  ave rage  a i r - f l o w  , e l o c i t y  c f  4.68 m / s  (15.35 f t / s ) .  
P o s t t e s t  i n s p e c t i o n  showed a  28% compaction o f  t h e  bed from d i s t o r t i o n  
of t h e  B a l l a s t  r i n g s .  The r e s u l t s  o f  t h i s  t e s t  a r e  p l o t t e d  i n  F i g u r e  
13-21 and summarized i n  Tab le  1-3. 
The nex t  t L r e e  pa rame t r i c  test c o n f i g u r a t i o n s  (No. 189, No. 190 and 
No. 191) f o r  v a r i a t i o n s  i n  bed d i ame te r  were 8 - 1  made wi th  new 2.54-cm 
( 1 $0- in .  ) aluminum Ba-.ast r i n g s .  A f u l l  43.2-cm- (17-in.-)  d:aseter 
bed wa9 demonstrated i n  t h e  first t e s t  s e r i e s ,  s o  t h i s  test s s r l i e s  
s t a r t e d  w i th  t h e  l a r g e s t  cylindrical i n s e r t  and i n  t h r e e  s t e p s  reduced 
t h e  bed diamet.er th rough 33.7 cm (13.25 i n . ) ,  30.5 cm (12  i n .  1, and 
25-14 cm (10 ' n . ) ,  a l l  a t  a c o n s t a n t  bed dep th  of  63.5 cm ( 2 5  i n . ) .  
B a l l a s t  r i n g s  were packed i n t o  both t h e  c e n t r a l  f low passage  o f  t h e  
i n s e r t  and t h e  nonflowing a n n u l a r  spaae  between t h e  i n n e r  w a l l  o f  t h e  
housing v e s s e l  and t h e  r .uter  w a l l  o f  t h e  i n s e r t .  F i g u r e  13-22 i s  c 
p r e t e s t  photograph showing t h e  r i n g  packing o f  t h e  3 3 . 7 4 m  (13 .25- in . )  
d i ame te r  bed. Each c o n f i g u r a t i o n  was s u b j e c t e d  t o  s i x  o r  more s t a b l e  
d e t o n a t i o n s .  The d e t o n a t i o n  was a r r e s t e d  on a l l  tes t  f i r i n q s  and o n l y  
t h e  i n l e t  r u p t u r e  d i s c  was blown o u t .  The downstream peak p r e s s u r e  
p u l s e  ranged  fro^ 181 t o  132 kN/m2 (26 .3  t o  19.1 p s i a )  and showed a 
s l i g h t  r e d u c t i o n  i n  p r e s s u r e  i e w l  a s  t h e  bed d i ame te r  was reduced i n  
s i z e .  Pre- and p o s t t e s t  averaged  r e s s u r e  l o s s  a c r o s s  the  a r r e s t e r s  5 inc reased  from 0.075 t o  0.278 kN/m (0.011 t o  0.040 p s i d )  as t h e  bed 
d i ame te r  was reduced.  The averaged  a i r - f l o w  v e l o c i t y  was 4.55 m/s 
( 14.93 f t /s)  . P o s t t e s t  i n s p e c t i o n s  showed t h a t  each  bed had compacted 
about  30% from d i s t o r t i o n  o f  t h e  B a l l a s t  r i n g s .  The r e s u l t s  o f  t h e s e  
tests a r e  p l o t t e d  i n  F i g u r e s  13-23, 13-24,and 13-25, and summarized 
i n  Table  1-3. 
The v e r t i c a l  bed o f  B a l l a s t  r i n g s  a r r e s t e r  t e s t  assembly used 
t o  e v a l u a t e  t h e  i n l e t  r u p t u r e - d i s c  p r e s s u r e  r a t i n g  parameter  combined 
t h e  r e s u l t s  of  t h e  p rev ious  pa rame t r i c  t e s t s .  The s e l e c t e d  bed s i z e  
was 25.4-cm (10- in . )  d i ame te r  by 45.7-cm (18 - in . )  lee?, packed wi th  
2.54-cm- ( 1  .O-in.-) d i a u ~ e t e r  by 2.54-cm- ( 1 .O-in.-) l ong  aluminum B a l l a s t  
Rings.  The bed dep th  was ob ta ined  by c u t t i n g  17.8 cm ( 7  i n . )  o f f  t h e  
upper end of  t h e  25.4-cm- (10-in.-)  d i ame te r  c y l i n d r i c a l  i n s e r t  and em- 
p loy ing  t h e  a p p r o p r i a t e  l e n g t h  s p a c e r  t o  complete  t h e  s t a c k  h e i g h t .  
T h i s  t e s t  c o n f i g u r a t i o n  (No. 192 t o  No. 195) was s u b j e c t e d  t o  s i x  s t a b l e  
d e t o n a t i o n s .  I n  t h e  f i r s t  t h r e e  t e s t a ,  t h e  i n l e t  r u p t u r e - d i s c  p r e s s u r e  
r a t i n g  was i nc reased  i n  s t e p s  through 690,  2068, and 4137 k ~ / r n ~  (100 ,  
300, and 600 p s i d ) .  On t h e  last  t h r e e  t e s t s ,  t h e  r u p t u r e - d i s c  assembly 
was blanked-off  w i th  a  b l i n d  f l a n g e .  The d e t o n a t i o n  was a r r e s t e d  on 
a l l  t e s t  f i r i n g s .  Where t h e  i n l - e t  r u p t u r e  d i s c  was blown o u t ,  t h e  
downstream peak p r e s s u r e  p u l s e  measured abou t  14 1  kN/m2 (20.4 p s i a )  . 
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Figure 13-20. Vertical Bed of Ballast Rings Arrester Assembly Parametric 
Test Results, Bed Size: 43.2-cm Diameter by 22.9-cm Depth, 
Ring Size:  2.54-cm Diameter by 2.54-cm L e ~ g t h  
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Figure 13-21. Vertical Bed of Ballast Rings Arrester Assembly Parametric 
Test Results, Bed Size:  13.2-cm Diameter by 63.5-cm Depth, 
Ring Size:  5.08-cm Diameter by 5.08-cm Length 
Figure 13-22. Pretest Packed Bed of Alminum Ballast Rings Around 
the 33.7-crm Diameter Cylindical Insert 
When the rupture disc was blanked-off ,  this same pressure increased 
s l i g h t l y  to average 164 k?J/m2 (23.8 ps ia l  . Pre- and p o s t t e s t  presswe 
loss a c m s  the arrester ranged from 0.162 t o  0.220 k ~ / r n ~  (0.023 to  
0.032 p s i d )  a t  an averaged air-flow velocity of 4.56 m/s ( 14.97 ft/s) . 
Posttest in spec t ion  shoved that the bed had compacted 281 frm distort 
of the Ballast rings. The results of t h i s  test are p l o t t e d  i n  Figure 
13-26, and s m a r i z e d  in Table 1-3.  
This l a s t  test completed the parametric test'ng of detonation- 
flame arresters. Frau these teats,  t w o  arrester conf igura t ions  were 
defined t h a t  uere used i n  the  continuous-flow testing described i n  the 
next section. 
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SECTION X I V  
CONTINUOUS-FLOW TE9TING OF DETONATION-FLAME ARRESTERS 
A. TEST FACILITY MODIFICATION 
Continous-flow testing, as r e f e r r e d  t o  i n  t h i v  r e p o r t ,  is d e f i n e d  as 
a type  o f  test. h e r e  t h e  g a s o l i n e  and air m i x t u r e ,  used t o  g e n e r a t e  a 
s t a b l e  d e t o n a t i o n  i n  t h e  f a c i l i t y  p i p i n g ,  c o n t i n u e s  t o  f l ow  i n t o  t h e  
p ip ing  f o r  a f i n i t e  time pe r iod  fo1low~-ng i g n i t i o n  and d e t o n a t i o n .  A t  
t h e  end o f  t h e  s p e c i f i d  t ime p e r i o d ,  t h e  g a s o l i n e  vapor is a a n u a l l y  
d i v e r t e d  i n t o  t h e  fu91 condenser .  T h i s  d i f f e r s  frotc t h e  normal d e t o n a t i o n  
test where t h e  vapor i zed  g a s o l i n e  f lowing  i n t o  t h e  i n d u c t i o n  p i p i n g  is 
a u t o m a t i c a l l y  d i v e r t e d  '.nto t h e  f u e l  condenser  1 .0  second b e f o r e  
i g n i t i o n .  I n  both  p rocedures ,  a t r  c o n t i n u e s  t o  f low through t h e  
p ip ing  u n t i l  a  p o s t t e s t  i n s p s c t i o n  v e r i f i e s  t h a t  t h e  f a c i l i t y  is c l e a r  o f  
r e s i d u a l  g a s o l i n e  and combust f on by-products  . 
There was a h i g h  p r o b a b i l i t y  t h a t  con t inuous  f!, ,r t e s t i n g  would 
cause  a f lame t o  f l a s h  back from t h e  de t r .$a t ion  t e s t  p ip ing  t n t c  t h e  
i n d u c t i o n  system p ip ing .  The r a r e f a c t i o n  wave o r  t h e  r e f l e c t e d  d e t o n a t i o n  
wave could  be expec ted  t o  d r i v e  any linger?.%: f 1 x . e  i n  t n s  i g n i t i o n  s e c t i o n  
upstream through t h e  f low s t r a i g h t e n e r  and i n t o  t h e  i n d u c t i o n  p i p i n g .  
Th i s  f lame would undoubtedly p e r s i s t  i n  t h e  mechanica l  m i x s r ,  a r e g i o n  
o f  h i g h  t u r b u l e n c e ,  and burn o u t  t h e  hzrdware.  The f low s t r a i g h t e n e r ,  
which was made from a spiral-wound,  crimped s t a i n l e s s - s t e e l  r i bbon  c o r e ,  
15.2 an (6 i n . )  i n  d i ame te r  by 3.8 cm ( 1 . 5  i n . )  long wi th  a  f low pas sage  
h y d r a u l i c  d i ame te r  o f  0.269 cm (0.106 i n . ) ,  was no t  cons ide red  t o  be an  
adequate  a r r e s t e r  f o r  h igh -ve loc i ty  flames. I n s t a l l e d  i n  its p l a c e  was 
a l a r g e r  Shand and J u r s  sp i ra l -wound,  crimped aluminum r ibbon  arrester 
assembly,  25.4 cm (10 i n . )  i n  diameb--r by 15.2 cm ( 6  i n . )  long wi th  a 
s m a l l e r  f iow passage h y d r a u l i c  d i ame te r  o f  0.1 I!+ cni (0.045 i n . ) .  The 
a r r e s t e r  assembly was mounted between two 25.4- t o  15.2-cm- (10- t o  6- in . - )  
d iameter  f langed-p ipe  r educe r  a s s e m b l i e s ,  a s  shown i n  F i g u r e  14-1. 
To e x p l o r e  t h e  p o s s i b i l i t y  o f  r e i g n i t i o n  occul'ing: a t  some d i s t a n c e  
downstream of  t h e  expe r imen ta l  de tona t ion- f lame arrest.,3r, two l e n g t h s  
o f  s t a n d a r d  s t e e l  p ipe  15.2 cm ( 6 . 0  i n . )  i n  d i a m e t e r ,  and each  6 .7  m 
(22  f t )  l ong ,  were i n s t a ? r e d  a t  t h e  e x i t  o f  t h e  w i t n e s s  s e c t i o n  (No. 1 0 ) .  
The upstream ins t rumented  v e r i f i c a t i o n  s e c t i o c  !Yo. 6 )  was removed and 
r ep l aced  by t h e  unins t rumented  ex t ens ion  s e c t i o n  (No. 11 ) . The i n 3 t r u -  
mented v e r i f i c a t i o n  s e c t i o n  (No. 6 )  was r e v e r s e d  180 deg ar.d i n s t a l l e d  
a t  t h e  e x i t  o f  t h e  new 13.4-m- (44-f t-)  l ong  e x t e n s i o n  s e c t i o n s  (No. 12 
and No. 1 3 ) .  By r e v e r s i n g  t h e  v e r i f i c a t i o n  s e c t i o n ,  t h e  i n s t r u m e n t a t i o n  
p o r t s  were p laced  a t  t h e  upstream end o f  t h i s  p ipe  s e c t i o n ,  t h u s  a l l owing  
some p r o t e c t i o n  f o r  t h e  flarne s e n s o r s  from ambient  s u n l i g h t .  A schemat ic  
diagram o f  t h e  continuous-f low t e s t i n g  arrangement  o f  f a c i l i t y  p ip ing  is  
shown i n  F igu re  14-2. T h i s  new assembly provided s u f f i c i e n t  run-up 
p ip ing  and ins t rumented  s e c t i o n s  t o  v e r i f y  whether  o r  no t  t h e  low- el 
peak-pressure pu l se  pas s ing  th rough  t h e  expe r imen ta l  detona:ion a r r e s t e r  
had s u f f i c i e n t  energy  t o  cause  ari i g n i t i o n  o f  t h e  combust ib le  g a s o l i n e  
and a i r  mix tu re  downstream. A photograph o f  t h e  f a c i l ~ t y  p i p i n g ,  showin,o 
t h e  new ex tens ion  s e c t i o n s ,  is p re sen ted  i n  F igu re  14-3. 
F 4 -  . Shand and Jurs Spiral-Wound , Crimped Aluminum 3ibbon 
Arrester Assembly Installed i n  t h e  I n l e t  Flow S t r a i g h t -  
ener Location, Size: 25.4-cm Diameter by 15.2-cm 
Length 
The preprogrammed i g n i t i o n  and fuel diversion procedure, prsv  ided 
by the automatic sequence t a e r ,  was m o d i f i d  to reduce the igni ter  
"on-time" from 500 mil l iseeonds to 180 mil l i seconds and t h e  Euel  diversion 
comand changed from an automatic t o  a manual i n p u t .  The r e d u c t i o n  
i n  igniter "on-time1' removed t h e  source of ignition from the upstream 
test p i p i n g  by :he time the detont~ion rarefaction and reflection waves 
retrogressed back t o  the ignit ion sec t ion .  The only sowce then avai lable  
ior ignition of the c o n t i n u i n g  flow of combustible gasol ine and a i r  
mixture in the test piping  would have to be a 1 ingering f l a m e  or res idua l  
wave anergy from the initi : l  d e t o n a t i o n .  Fast . asponding b a r e - ~ i r ?  
themocouples uerc i n s t  a i  7 into t h e  induc t i ~ c  p i p i n g ,  run-up piping, 
test sect ion,  and witr.e7- c-tion t o  monitor the presence of any c o n t i n u o u s  
flame. 

Figure 14-3. Faci l i ty  Piping Assembly with the 13.4-m-long Extension 
Sections Ins ta l l ed  
B. VERTICAL EFD OF ALUMINUM BALLAST RINGS ARRESTER TEST ASSEMBLY 
The test configuration for the vertical bed of aluminum Ballast 
rings ar~ester used in the continuous-f low tests was i d e n t i c a l  to the las t  
one used in  the parametric t e s t  series. Bed size was 25.4-cm ( 10-ir..) 
diameter by 45.7-em ( 1 8 - i n . )  d e p t h ,  packed with new 2.54-em- (1.0-in.-) 
diameter by 2.54-cm- (1.0 in .-I long aluminum Ballast  rings, The inlet 
rupture-disc assemoly was blanked-af f , b u t  t h e  rupture-disc assemblies on 
the  vessel cover and the outlet p ipe  tee both contained discs w i t h  the 690 
kt4/m2 C 100 psid) pressure rating. Using a gasoline and a i r  mixture a t  t n e  
s t a n d a r d  test condi t ions  and the upstream ign i t ion  loca t  ion, four stable  
detonation firings were made on t h i s  test configuration (No, 196).  The 
first two firings were followed by a continuous flow o f  the  gasoline 
and a ir  mixture for a period of 30 seconds. On the l a s t  two firings, 
the flow period was extended t o  60 seconds. The detonation was ar- 
rested on a l l  tests and was ccmpletely contained between the i n l e t  
and test section arresters. None o f  t he  induction p i p i n g  ruptcre discs  
o r  t h e  downstream piping r u p t u r e  d i s c s  were blown o u t .  There was no 
evidence o f  r e i g n i t i o n  in t h e  wi tness  o r  extension s e c t i o n s ,  and no 
l i n g e r i n g  flames i n  t h e  test run-up s e c t i o n s .  The thermocouple i n  
t h e  i g n i t i o n  s e c t i o n  (TI21 r e g i s t e r e d  t h e  shor t - l ived flame and t h e  
thermocouple in t h e  wi tness  s e c t i o n  (TI021 recorded on ly  a few degrees  
rise in temperature due t o  t h e  passage o f  t h e  combustion g a s  products  
as they  exhausted through t h e  downstraam piping.  Most o f  t h e  hea t  o f  
combustion was apparen t ly  absorbed by t h e  pipe wa l l  o r  ..he hea t  s i n k  
c a p a b i l i t y  wi thin  the  a r r e s t e r  bed. The pre- and p o s t t e s t  p ressure  
l o s s  ac ross  t h e  a r r e s t e r  bed averaged 0.30 k ~ / r n ~  (0.044 ps id )  a t  an 
averaced a i r - f low v e l o c i t y  o f  4.68 m/s ( 15.35 f t / s )  . P o s t t e s t  i n s p e c t i o n  
o f  t h e  bed showed a 251 campaction due t o  d i s t o r t i o n  o f  t h e  B a l l a s t  r i n g s .  
The a r r e s t e r  bed was repacked with new 2.54-cm- (1 -0-in.-)  s i z e  
aluminum B a l l a s t  r i n g s .  Four more de tona t ion  test f i r i n g s  were made 
on t h i s  t e s t  conf igura t ion  (No. 197). I n  t h i s  series, t h e  first two 
f i r i n g s  were followed by 90 seconds o f  cont inous  gasoline-and-air-mixture 
flow, and the  last two f i r i n g s  by 120 seconds o f  cont inucus  mixture  
flow. Again, t h e  de tona t ion  was a r r e s t e d  on a l l  test f i r i n g s  
and was completely contained between the  i n l e t  and t e s t  s e c t i o n  arresters. 
No rupt . l re  d i s c s  were blown ou t .  There was no evidence o f  r e i g n i t i o n  
i n  the  wi tness  o r  extension s e c t i o n s  and no l i n g e r i n g  flame i n  t h e  
t e s t  run-up sec t ion .  Pre- and p o s t t e s t  p ressure  l o s s  measurements 
averaged about the  same a s  t h e  prevjous  t e s t  s e r i e s .  P o s t t e s t  i n s p e c t i o n  
showed a 27% bed compaction. Test  d a t a  from these  two t e s t  s e r i e s  a r e  
p l o t t e d  i n  Figure 14-4 and summarized i n  Table 1-4. The peak p ressure  
pu l se  measured i n  both the  wi tness  s e c t i o n  and t h e  downstream verification 
s e c t i o n  averaged around 146 k ~ / m ~  (21.1 p s i a )  and was t r a v e l i n g  a t  
an average v e l o c i t y  o f  398 m/s (1306 f t / z ) .  There g a s  no evidence 
o f  inc reas ing  wave v e l o c i t y  o r  p ressure  i n  the  ex tens ion  s e c t i o n ,  a s  
would have been the  case  had i g n i t i o n  and combustion been p resen t .  
C. SHAND AND JURS SPIRAL-WOUND, CRIMPED STAINLESS-STEE', RIBBON 
ARRESTER TEST ASSEMBLY 
The Shand and J u r s  spirai-wound, crimped s l a i n l e s .  t a e l  r ibbon 
a r r e s t e r  t e s t  a s s ~ n b l y  was i n s t a l l e d  i n t o  the  t e s t  s e c t   sing t h e  
l a s t  t e s t  conf igura t ion  d e v e l o ~ e d  during the  parametr ic  t , = t i n g .  It 
contained the  30.5-cm- (12-in.-) diameter by 20.3-cm- ($-in.-) long 
a r r e s t e r  assembly with the  d i r e c t l y  connected i n l i n e  pipe t e e  and t h e  
blanked-off rupture-disc  assembly shown i n  Figure 13-7. This t e s t  
conf igura t ion  (No. 198) was subjected t o  four  s t a b l e  de tona t ions  using 
the  g a s o l i n e  and a i r  a t  t.he s tandard t e s t  cond i t ion  and the upstream 
i g n i t i o n  l o c a t i o n .  The f i r s t  two t e s t  f i r i n g s  were followed by t h e  
continuous mixture flow f o r  a period of 30 seconds and che second t h o  
t e s t  f i r i n g s  by 60 seconds of  continuous mixture flow. The de tona t ion  
was a r r e s t e d  on a l l  t e s t  f i r i n g s  and was completely contained between 
t h e  i n l e t  and t e s t  s e c t i o n  a r r e s t e r s .  There was no evidence o f  r e i g n i -  
t i o n  i n  the wi tness  o r  extension s e c t i c n s  and no l i n g e r i n g  f l m e  i n  
the  t e s t  run-up s e c t i o n .  Pre- and p a s t t e s t  p ressure  l o s s  measurements 
sl~owed no change from the parametric t e s t s .  A post '-est inspec t ion  
o f  t h e  a r r e s t e r  assembly revealed a s l i g h t  bowing of  t h e  d o w n s t r e a ~  
r e t a i n e r  g r i d  a s  previously  descr ibed and a few cracked welds i n  t h e  
g r i d .  The damage was r e p a i r e d  and t h e  arrester was r e i n s t a l l e d  i n t o  
t h e  test assembly.  
Four more s t a b l e  d e t o n a t i o n  test f i r i n g s  were made on t h e  r e p a i r e d  
arrester c o n f i g u r a t i o n  (No. 200).  The first two test f i r i n g s  were 
fo l lowed by 90 seconds  o f  con t inuous  mix tu re  f low,  and on t h e  last 
two test  firings t h e  f low pe r iod  was extended t o  120 seconds.  The 
r e s u l t s  were t h e  same as  t h o s e  o f  t h e  p rev ious  test  series. There 
was no evidence  o f  r e i g n i t i o n  o r  l i n g e r i n g  f lames .  T e s t  d a t a  from 
t h e s e  two test series are p l o t t e d  i n  F i g u r e  14-5 and summarized iil 
Table  1-4. The low-level  peak-pressure p u l s e  measured i n  t h e  w i t n e s s  
s e c t i o n  averaged 335 k ~ / m ~  (48.6 p s i a ) ,  and decayed t o  an ave rage  240 
k ~ / r n ~  (34.8 p s i a )  a t  t h e  e x i t  o f  t h e  e x t e n s i o n  s e c t i o n .  The v e l o c i t y  
o f  t h i s  p r e s s u r e  p u l s z  l i k e w i s e  decayed from an ave rage  o f  640 m / s  
(2100 f t / s )  in t h e  w i t n e s s  s e c t i a n  t o  480 m/s (1575 ft /s) a t  t h e  e x i t  
of t h e  e x t e n s i o n  s e c t i o n .  With both  t h e  i n t e n s i t y  and v e l o c i t y  d e c r e a s i n g  
in t h i s  downstream p r e s s u r e  wave, t h e r e  was no ev idence  o f  r e i g n i t i o n  
o r  combustion t a k i n g  p l ace .  P o s t t e s t  i n s p e c t i o n  r e v e a l e d  no unusual  
damage o r  d i s t o r t i o n  to t h e  crimped r ibbon  arrester test assembly.  
The arrester c o r e  was removed from t h e  test assembly and t h e  
two 30.5-cm- ( 12-in .-) d iame te r  f l a n g e s  were b o l t e d  t o g e t h e r .  Also,  
t h e  low-pressure t r a n s d u c e r s  were removed from t h e  w i t n e s s  and e x t e n s i ~ r i  
s e c t i o n s .  One last test f i r i n g  was made where a s t a b l e  d e t o n a t i o n  
was recorded pas s ing  through t h e  e n t i r e  13.4-m- (44-f t - )  long e x t e n s i o n  
p ip ing .  
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SECTION XV 
CONCLUSIONS 
The following conclus ions  have been reached from t h e  r e s u l t s  o f  t h i s  
experimental  eva lua t ion  o f  f lame-control  dev ices  i n  a s imulated vapor re-  
covery system using 15.2-cm- (6.0-in.-) diameter p iping where combustible 
mixtures  o f  g a s o l i n e  and a i r  flowed at p r e s s u r e s  s l i g h t l y  above one atmo- 
sphere  and temperatures  ranged from 23 t o  65OC (74 t o  14g01?). 
(1 ) The deflagration-to-detonation run-up d i s t a n c e  is 11.2 m 
(36.7 f t ) ,  o r  an L/D o f  74 f o r  15.2-cm- (6.0-in.-) diameter 
p iping a r t i f i c i a l l y  roughened t o  a Darcy f r i c t i o n  f a c t o r  
ranging from 0.040 t o  0.047, o r  a r e l a t i v e  roughness ranging 
from 0.010 t o  0.015. 
( 2 )  The deflagration-to-detonation run-up d i s t a n c e  does n o t  
change s i g n i f i c a n t l y  f o r  gasoline-and-air  equivalence  r a t i o s  
ranging from 0.9 t o  1.4,  o r  f o r  i n i t i a l  flow v e l o c i t i e s  
ranging from 0 t o  6.1 m/s ( 0  t o  20 ft/s).  
( 3 )  The s t a b l e  de tona t ion  after t r a n s i t i o n  has a measured flame 
v e l o c i t y  of  1800 d s  (5906 ft/s) and a peak p ressure  o f  
1900 kN/m2 (276 p s i a ) .  
( 4 )  During t h e  t r a n s i t i o n  from d e f l a g r a t i o n  t o  de tona t ion ,  flame 
v e l o c i t y  r eaches  2700 m / s  (8860 f t / s )  and peak p ressure  
exceeds 4000 kN/m2 (580 p s i a ) .  
( 5 )  A r e f l e c t e d  de tona t ion  wave had a beasured peak p ressure  
of 3300 kN/m2 (479 p s i a ) ,  o r  double t h e  l e v e l  of  the  s t a b l e  
propagating de tona t ion  wave. 
(6 )  Four g e n e r i c  types  o f  flame c o n t r o l  dev ices  found e f f e c t i v e  i n  
a r r e s t i n g  de tona t ions  a r e  : 
( a )  Spiral-wound, crimped metal  r ibbon.  
( b) Foamed n i c  kel-chrome metal .  
( c )  V e r t i c a l  bed o f  aluminum B a l l a s t  r i n g s .  
( d)  Water- t r a p  o r  hydrau l i c  back-pressure va lve .  
(7) Combinations of s tandard pipe f i t t i n g s ,  such as t e e s  and 
elbows, with rupture-disc  assembl ies  and r e s t r i c t e r  o r i f i c e  
p l a t e s ,  a r e  i n e f f e c t i v e  i n  a r r e s t i n g  de tona t ions .  
( 8 )  Rupture-disc assembl ies  i n s t a l l e d  on the  i n l e t  s i d e  o f  d e t o -  
n s t i o n  a r r e s t e r s  do not reduce the  i n t e n s i t y  o f  the  de tona t ion  
wave p r e s s u r e ,  but  do provide a c o n t r o l l e d  r e l e a s e  o f  the  hot  
combustion gases  behind the  de tona t ion  wave. 
(9) The smal les t - s i ze  v e r t i c a l  bed of  metal  r i n g s  a r r e s t e r  
found t o  be e f f e c t i v e  i n  a r r e s t i n g  de tona t ions  is 
25.4 cm (10 i n . )  i n  diameter by 45.7 cm (18 i n . )  i n  depth  
and packed with 2.54-cm- ( 1  .Owin.-) diameter by 2.54-cm- 
(1.0-in.-) long aluminum Ballast r i n g s .  
(10) Aluminum B a l l a s t  r i n g s  i n  l a r g e r  s i z e s ,  3.81 (1.5 i n . )  and 5.08 
cm (2.0 i n . )  , a r e  not  e f f e c t i v e  i n  r epea ted ly  a r r e s t i n g  
de tona t ions .  
(1 1 ) Inc reas ing  t h e  rupture-disc  p ressure  r a t i n g  Zl.3 1 690 ki: ',2 
(100 p s i d )  up t o  a blanked-off cond i t ion  on t h e  l n l e t  pipirig 
of  a v e r t i c a l  bed of  aluminum B a l l a s t  r i n g s  a r r e s t e r  does 
not a f f e c t  t h e  a r r e s t e r ' s  a b i l i t y  to s t o p  a de tona t ion .  
Also, it has very  l i t t l e  i n f l u e n c e  on the  l e v e l  o f  peak- 
pressure  pu l se  passed through the  a r r e s t e r .  
(12)  Repeated exposure t o  t h e  impact o f  de tona t ion  shock waves 
caused d i s t o r t i o n  of  t h e  aluminum B a l l a s t  r i n g s ,  r e s u l t i n g  
i n  compaction of  the  bed of  r i n g s  i n  t h e  a r r e s t e r .  The 
amount of  compaction ranged from 25 t o  35% 01' the  s t a r t i n g  
depth;  l a r g e r  diameter beds exper ience  a higher  percentage 
of compaction. The r e s u l t i n g  p ressure  drop a c r o s s  t h e  bed 
i n c r e a s e s  with each succeeding de tona t ion ,  but reaches  an 
upper l i m i t  after t h r e e  t o  four  de tona t ions .  
(13)  The s m a l l e s t  co re  l e n g t h  o f  a 30.5-cm- (12-in.-) diameter 
spiral-wound, crimped metal  r ibbon a r r e s t e r  found t o  be 
e f f e c t i v e  i n  a r r e s t i n g  de tona t iuns  is 15.2 cm (6  i n . )  wi th  
a crimp passage hydrau l i c  d iameter  of  0.114 cm (0.045 i n .  ) . 
S t a i n l e s s - s t e e l  r ibbon m a t e r i a l  is b e t t e r  a b l e  t o  withstand 
the  impact of  de tona t ion  shock waves wi thout  d i s t o r t i o n  
than aluminum r ibbon ,  providing the  c o r e  wingings a r e  made 
from continuous l eng th  r ibbons .  
(14)  The downstream peak-pressure pu l se  passing through a s p i r a l -  
woiind, crimped s t a i n l e s s - s t e e l  r ibbon a r r e s t e r  was reduced 
from 344 t o  260 k ~ / m ~  (49.9 t o  37.7 p s i a )  when t h e  core  l e n g t h  
was increased from 15.2 t o  30.5 cm (6 t o  12 i n .  1. Assuming a 
l i n e a r  r e l a t i o n s h i p  between core  l eng th  and downstream peak- 
pressure  p u l s e ,  t h e  core  f o r  a 30.5-cm- (12-in.-) d iameter  
a r r e s t e r  would have t o  be 58.5  cm (23 i n . )  long t o  reduce t h r  
downstream pressure  pulse  t o  one atmosphere o r  101.4 kN/m2 
(14.7 p s i a ) .  
(15)  Inc reas ing  t h e  r l ~ p t u r e - d i s c  p ressure  r a t i n g  from 690 kN/m2 
(103 p s i d )  up t o  a blanked-off cond i t ion  on t h e  i n l e t  J i p i c g  
of a spiral-wound, crimped s t a i n l e s s - s t e e l  r ibbon a r r e s t e r  does 
no t  a f f e c t  its a b i l i t y  t o  s t o p  a de tona t ion .  Also,  it  has 
very l i t t l e  in f luence  on the  l e v e l  o f  the  peak p ressure  pu l se  
passed through t h e  a r r e s t e r .  
( 1 6 )  Both the ver t ica l  bed of aluminum Ballast rings ar res ter  
and the spiral-wound, crimped stainless-steel  ribbon arres ter  
are  ef fect ive  in  stopping detonations followed by continuous 
combustible mixture flow for periods up t o  120 seconds. 
There is no indication that  lingering flames remain in 
the 25 m (80 f t )  of run-up piping upstream of the a r res te r ,  
and no evidence of reignition !n the 18 m (60 f t )  of ex i t  
piping downstream of the ar res ter .  In t h i s  limited configuration, 
a rupture disc upstream of the a r res te r  was not required 
to relieve the hot combustion gases following the detonation. 
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SECTION X V I  
In the design of a closed-loop vapor recovery system for gasoline 
cargo transfer a t  a marine terminal, the following re~~mUM?nddti~nS 
are made regarding the selection and ins ta l la t ion of detonation-flame 
arres ters  : 
( 1  Ranked in order of preference, the selection of an arres ter  
based on thlp leas t  drop in system pressure is  ( 1 )  packed 
bed of Ballast rings, (2) spiral-wound, crimped metal ribbon, 
( 3 )  80-grade foamed metal, (4)  water t rap ,  and (5) hydraul ic  
bac k-pressure valve. 
( 2 )  Ranked in order of preference, the selection of an arres ter  
based on the ab i l i t y  to withstand repeated detonat' >n is  
( 1  spiral-wound, crimped metal ribbon, (2) packed ~ e d  of 
Ballast r ings,  (3) water-trap or hydraulic back-pressure 
valve, and ( 4 )  80-grade foamed metal. 
( 3 )  Ranknd 5.n order of preference, the selection of an zrres ter  
based on min imum maintenaace, leas t  suscept ib i l i ty  to f, uling, 
and reduced contamination is ( 1 packed bed of Ballast r ings,  
(2)  spiral-wound , crimped metal ribbon, ( 3 )  80-grade foamed 
metal, and ( 4 )  water-trap s r  hydraulic back-pressure valve. 
(10 The selection of materials used i n  t h s  construction of ar res ters  
should be based on thei r  compatibility w i t h  the environment 
and the fuel vapors to be encountered. However, s ta in less  
s t ee l  is recommended over a1 uminum or similar lower-streng t !~  
metals. 
(5) Because of the short deflagration-to-detonation run-up distance, 
it would be impractical to i n s t a l l  a ser ies  of detonation-flame 
arres ters  i n  a vapor transfer l ine  a t  spacing intervals  that 
would prevent the occurence of a detonation. The combined 
arres ter  pressure losses i n  such an ins ta l la t ion would soon 
exceed the available operating pressure di f ferent la1  between 
storcge and receiver tanks. It would be better  to place 
the arres ters  as close to the individual tanks as possib!e, 
making sure that they are located between the tanks md 
any source of ignition. 
( 6 )  To minimize the possibil i ty of a detonation, a flame arres ter  
devicc; should be placed as  close as possible to any potential 
igniiion source, a t  a position weil w i t h i n  the detonation 
run-up distance. 
(7 For operational safety,  the a r res te r ,  vapor transfer  l ines ,  
valves, and other components i n  the vapor recovery system 
should be designed to withstand the instantaneous pressure 
spikes ranging from 1900 k ~ / m ~  (276 psia) to 4000 kh/m2 
(580 p s i a )  as a s s o c i a t e d  w i t h  s t a b l e ,  t r a n s i t i o n a l ,  and 
r e f l e c t e d  d e t o n a t i o n  waves, should  t hey  occu r .  
( 8 )  Rupture-d iscs  o r  rupture-d  l s o / r e l i e f - v a l v e  c o ~ b i n a t i o n  
a s s e m b l i e s  should  be i nc luded  i n  vapor t r a n s f e r  l i n e s  t o  
v e n t  t h e  h o t  combust ion g a s e s  produced by a d e t c n a t i o n .  
T h i s  would minimize t h e  danger  o f  over  p r e s s u r i z i n g  t h e  
t a n k s  a t t a c h e d  t o  t h e s e  l i n e s .  
The d a t a  and expe r i ence  ob ta ined  from t h e s e  d e t o n a t i o n  a r r e s t i n g  
t e s t s  is l i m i t e d  t o  g a s o l i n e  and a i r  m i x t u r e s  i n  15.2-cm (6 .0- in . - )  
d i ame te r  p ipe  s i z e s .  It is recommended t h a t  e x t r a p o l a t i o r  o f  t h l s  
d a t a  dhould be l i m i t e d  t o  t h e  fo l lowing :  
( 1 )  Lppl!.cation t o  o t h e r  f u e l s  should  be l i m i t e d  t o  t h o s e  hydro- 
ca rbons  t h a t  have f lame p r ~ p a g a t i n g  . a r a c t e r i s t i c s  similar 
t o  g a s o l i n e .  T h i s  does  n o t  i n c l u d e  such  f u e l s  a s  hydrogen 
and a c e t y l e n e  o r  any type  o f  f u e l  i n  an oxygen e n r i c h e d  
environment .  
( 2 )  Scaled-down a p p l i c a t i ' . ~ n s  +,o p ipe  s i z e s  s m a l i e r  t han  a  
15.2-cm (6 .0- in  . ) d iame te r  a r e  cons ide red  t o  be c o n s e r v a t i v e  . 
( 3 )  Scaled-up a p p l i c a t i o n s  should  be l i m i t e d  t o  p ipe  s i z e 3  
no l a r g e r  t han  a  20.3-cm (8.0-in.)  d i a m e t e r ,  p rov id ing  
adequa te  ~ o n . ~ ~ d e r a t i o n  s g i v e n  t o  s t r u c t u r a l  s t r e n g t h .  
It is recommended t h a t  t h e  fo l lowing  expe r imen ta l  work be cons ide red  
as p o s s i b l e  follow-on programs t o  ex tend  t h e  d a t a  base  and e x p e r i e r ~ c e  
a l r e a d y  achieved:  
( 1 )  Using t h e  e x i s t i n g  t e s t  f a c i l i t y  and wi th  a moderate  i n c r e a s e  
i n  a i r  f low and f u e l  f low c a p a b i l i t y .  de tona t ion - f l ame  
a r r e s t e r  t e s t i n g  could  be conducted wi th  e n l a r g e d  c o n i c a l  
t r a n s i t i o n  p ipe  s e c t i o n s  up t,o and l? . rger  t h a n  30.5-cm 
(12 .0- in . )  d i ame te r .  
( 2 )  Detonat ion-f lame a r r e s t e r  t e s t i n g  should  be made wi th  o t h e r  
f u e l / a i r  combina t ions  t h a t  would normal ly  r e q u i r e  a c l o s e d - l o o p  
t y p e  o f  vapor r ecove ry  system f o r  t r a n s f e r s  o p e r a t i o n s .  
( 3 )  De tona t ion  q u e l i f i c a t i o n - t y p e  t e s t i n g  should  be made on v: . 
r ecove ry  system components o t h e r  t han  a p r e s t e r s  i n c l u d i n g  
( 1 ) v a l v e s ,  ( 2 )  pumps, ( 3 )  b lowers ,  ( + )  f i l t e r s ,  (5 ) conde1,-,i.s, 
and ( 6 )  s e p a r a t o r s .  
( 4 )  Flame a r r e s t e r  q u a l i f i c a t i o n  type  t e s t i n g  shou ld  be ccnducted  
a t  c o n d i t i o n s  o t h e r  t han  d e t o n a t i o n s  i n c l u d i n g  at?  -j:igheric 
f l a s h b a c k  from f u e l / a i r  vapor plumes and under l . ~ ? ~ t - u p  
c h a r a c t e r i s t i c s  achieved  by s u ~ t a i n e d  b u r n i r g  *.#,#: . . ~ f  f \ ~ e l / a i r  
m i x t u r e  f l ow  rates are r e p r e s e n t a t i v e  01' a  vapor r . i ~ o v e r y  
system o r  normal t ank  v e n t i n g  sys tems.  
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A P P E N D I X  A 
A N A L Y S I S  OF INSTRUMENTATION MEASUREMENT AND CALCULATIOX U N C E R T A I N T I E S  
The following is an a n a l y s i s  o f  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  
w i t h  p ressure ,  temperature,  and IDAC program c a l c u l a t i o n s .  Although 
t h e s e  va lues  can be assured with o n l y  a 95% (2cr 1 p r o b a b i l i t y ,  t h i s  
is mast l i k e l y  a conse rva t ive  estimate. Many o f  the  u n c e r t a i n t y  v a l u e s  
used a r e  a b s o i u t e  i n  t h a t  t h e  procedures s p e c i f y  a maximum l i m i t .  
Others  are d i f f i c a l t  t o  a s c e r t a i n  p r e c i s e i y ,  s o  " sa fen  e s t i m a t e s  must 
be l a r g e .  The c a l i b r a t i o n  o f  p ressure  t r ansducers ,  f o r  example, a r e  
always s u b j e c t  to t h e  u n c e r t a i n t i e s  o f  a c c i d e n t a l ,  f i x e d ,  o r  o p e r a t i o n a l  
e r r o r s .  However, cons ide rab le  e f f a r t  has  beeti expended on procedures ,  
techniques ,  and t r a i n i n g  t o  minimize e f f e c t s  o f  t h i s  type .  C e r t a i n l y  
encouraging is t h e  f a c t  t h a t  d a t a  taken on B-Stand a s  well  as o t h e r  
s t a n d s  suppor t s  t h e  conclus ions  reached by t h i s  type  o f  a n a l y s i s .  
I n  t h i s  a n a l y s i s  it w i l l  be assumed t h a t :  
(1 ) A l l  e lemental  e r r o r s  a r e  normally d i s t r i b u t e d  and hence are 
i n  " s t a t i s t i c a l  c o n t r o l .  " 
(2 )  A l l  e lementa l  e r r o r s  are based on at  l e a s t  20:1 odds, i . e . ,  
95% p r o b a b i l i t y ;  hence the  o v e r a l l  accuracy de te rmina t ion  
has t h a t  p r o b a b i l i t y .  
A. PRESSURE MEASUREMENTS 
1. Cmponent E r r o r s  
F i g w e  A-1 s h w 3  t h e  va r ious  components o f  e r r o r  e l , " ' ,  e7 i n  a 
s t ra in-gage i n s t r u  l en ta t  ion channel from t h e  sensed parameter t o  t h e  
d i g i t i z e d  t ape  record ,  and is t y p i c a l  f o r  p ressure  measurements. These 
e r r o r  compments a r e  f i r s t  evaluated by es t ima t ing  t h e  e lementa l  e r r o r s  
making up each component and then combining them (where a p p r o p r i a t e )  by 
the  s tandard nsquare-root-of-the-sum-of-the-squares' technique.  
Figure A 1. Typical  Strain-Gage-Type i r  s t rumeqta t ion Channel 
A-2 
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2. Tap and /o r  Coupling: E r r o r s  e l  
These c o n s i s t  o f  ampl i t ude  errol* when t h e  n a t u r e  ( f r equency ,  
a m p l i t u d e ,  wave shape)  cf t h e  f l u c t u a t i n g  components o f  t h e  measurements 
exceeds  t h e  r e sponse  c a p a b i l i t i e s  o f  t h e  cou$ l ing / t r ansduce r  sys tem.  
Hovever, t h e  system w i l l  p roducs  a nea r ly -ave rage  e l e c t r i c a l  ana log  
f o r  saall  ampl i t ude  f l u c t u a t i o n s  a t  f r e q u e n c i e s  beyond t h e  r e sponse  
o f  t h e  system. It is assumed t h a t  t h i s  ana log  is a t r u e  ave rage  o f  
t h e  n o i s e - l i k e  f l u c t u a t i o n s  d u r i n g  s t e a d y - s t a t e  c o n d i t i o n s .  Therefor* ,  
e l  = n i l .  
3 .  Environmental  E r r o r s  e 2  
Bonded s t r a i n  gage  c o n s t r u c  t i o n  p r o v i d e s  low v i b r a t i o n  s e n s i t i v i t y  
f o r  p r e s s u r e  t r a n s d u c e r s .  Noise i n t r w i u z e d  by mechanica l  v i b r a t i o n  f o r  
p r e s s u r e  w i l l  be  assumed t o  be o f  small ampl i t ude  and t o  be e f f e c t i v e l y  
averaged at t h e  d i g i t a l  r e c o r d e r  i n p u t  f i l t e r  ( 0  t o  10 c p s  low p a s s ) .  
T ransduce r s  a r e  n o t  exposed t o  h e a t  r a d i a t i o n  from exhaus t  gases 
and are normal ly  s h i e l d e d  from t h e  d i r e c t  r a y s  o f  t h e  sun .  Temperature 
e r r o r s  are assumed t o  r e s u l t  from ambient  t empera tu re  changes  between 
t h e  time o f  e l e c t r i c a l  c a l i b r a t i o n  and run  t ime ,  and not  from nonuniform 
c a s e  t empera tu re .  Ambient t empera tu re  change is e s t i m a t e d  t o  be w i t h i n  
+2.80C &OF). Temperature e f f e c t s  on p r e s s u r e  and f o r c e  t r a n s d u c e ~ s  - 
are minimized by compensat ion c i r c u i t r y  and quoted by t h e  manufac tu re r s  
t o  be i n  t h e  range  o f  0.009% f u l l  scale/OC ( .005% f u l l  sca le /OF)  f o r  
t h e  p r e s s u r e  t r a n s d u c e r s .  
e 2  = 20.045 o f  run  l e v e l  p r e s s u r e  
4.  Actual  C a l i b r a t i o n  E r r o r  e3 
The caaponent  e r r o r  e 3  w i l l  be cons ide red  a s  t h e  e r r o r  i n  t h e  
parameter  e g u i v a i e n t  . 
( 1  ) C a l i b r a t o r  combined accu racy  ( l i n e a r i t y ,  h y s t - e r e s i s ,  
r e s o l u t i o n ,  r e p e a t a b i l i t y )  ------------------- - +O .35% 
(2) Transducer  
L i n e a r i t y  (de t e rmined  f o r  nea r  run  l e v e l )  ---- n i l  
Temperature e f f e c t s  ( t e m p e r a t u r e  assumed 
c o n s t a n t  d u r i n g  c a l i b r a t i o n )  ----------------- - +O . l o %  
1nterconnect . ing  w i r i n g  ( n e g l i g i b l e  c u r r e n t  
f l o w  w j  t h  high-impedance sys tem)  ------------- n i l  
Combined h y s t e r e s i s  and r e p e a t a b i l i t y  -------- 0.25% 
E x c i t a t i o n  ( s h o r t - t e r m  s t a b i l i t y )  ------------ ~ 0 . 1 0 %  
Readout ( d i g i t a l  v o l t m e t e r  o v e r a l l  a ccu racy  
a t  30-I~V f u l l - s c a l e  and 24-mV r e z d i n g )  ------- ~ 0 . 0 3 3 %  
5. E l e c t r i c a l  C a l i b r a t i o n  Er ro r  e4 
( 1 )  R e p e a t a b i l i t y  ................................ *o. lo$ 
( 2 )  Thus, e4 = @.lo% 
6. E l e c t r i c a l  E x c i t a t i o n  Er ro r  eg 
(1  ) E x c i t a t i o n  s t a b i l i t y  ( from prerun e l e c t r i c a l  
c a l i b r a t i o n  through run)  ..................... &0.10$ 
( 2 )  Thus, e5 = &O.lO% 
7. Amplifier  Er ro r  eg 
( 1 )  Amplifier  s t a b i l i t y  ( from p r e r m  e l e c t r i c a l  
c a l i b r a t i o n  through run)  : 
( 2 )  Thus, e6 = &0.02% 
8. D i g i t a l  Recorder Er ro r  e7 
( i ) Resolution (+I 6,384 coun t s  f u l l  s c a l e )  ------- - +0.006% 
(2) Shor t  term s t a b i l i t y  (from prerun c a l i b r a t i o n  
through run)  ................................. +0.05% 
- 
(11 ) E l e c t r i c a l  no i se  ( comc?ined e f f e c t s  of  e n t i r e  
system) --------------------,------------------ +o . l o %  - 
( 5 )  Conversicn e r r b y  --------- ------------------- +O .05% 
- 
( 6 )  Thus, e7 = & 0 . 1 3 $  
9. Uncer ta in ty  
The uncer ta in ty  (Up) i n  a  p ressure  measurement invo lves  e l  through 
e7 p l u s  t h s  u n c e r t a i n t y  (UCAL) i n  the  c a l i b r a t i o n  s t e p .  The u n c e r t a i n t y  
i n  the  c a l i b r a t e  s t e p  invo lves  e4 ,  e 6 ,  and e7: 
B . THERMOCOUPLE MEASUREMENTS 
Figure  A-2 shows t h e  va r ious  components o f  e r r o r  e l ,  - - . *  e 5  i n  a 
thermocouple instruments t i o n  channel from t h e  sensed parameter t o  the  
d i g i t i z e d  t a p e  record.  These e r r o r  cmponen t s  a r e  first evaluated by 
es t ima t ing  the  e lementa l  e r r o r s  making up each component and then combining 
them ( where a p p r o p r i a t e j  t;p t h e  " square-root-of- the-sum-of- the-squares" 
technique.  
1. Thermocouple E r r o r s  e l  
A l l  thermocouple probes a t  ETS meet t h e  s t andard  l i m i t s  o f  e r r o r  
of  premium grade thermocouples recommend2d by the  Instrument Soc ie ty  
of  America (ISA) . A l l  o f  the  thermocouples used were type-K, chromel- 
alumel, and t h e r e f o r e  only  t h i s  type  w i l l  be evaluated.  The ISA l i m i t s  
o f  e r r o r  a r e  g iven a s  percentages  app l i ed  t o  the  temperature being 
measured. The ISA limits of  e r r o r  f o r  type  K thermocouples a r e :  
+1 .10c ( Q ~ F )  from -17.8 t o  276.7OC ( 0  t o  53O0F) 
- 
+0.375% from 276.7 t o  12600C (530 t o  2 3 0 0 ~ ~ )  
- 
Figure  A-2. Typical  Thermocouple-Type Ins t rumenta t ion Channel 
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2. Reference Junc t ion  E r r o r  e2 
The re fe rence  junc t ion  used a t  ETS is t h e  Pace EP-gineering Company 
65. ~ O C  ( 1 50°F) r e f e r e n c e  junc t ion .  The manufacturer lumps i ts t o t a l  
ineccuracy as &0.2a°C (&0.5OF) . 
Temperature OC (OF) : 
3 .  C a l i b r a t i o n  Voltage Er ro r  e3  
The thermocouple systems a t  ETS c a l i b r a t e  the  records  by volcage 
s u b s t i t u t i o n  using a Video Power Supply Model 200. The power supply 
s t a b i l i t y  is  k0.059. The vo l t age  d i v i d e r  r e s i s t o r s  a r e  20.058. 
4. Amplifier Er ro r  e4 
(1 ) Amplifier s t a b i l i t y  ( from pre ru r  e l e c t r i c a l  c a l i b r a t i o n  
through run) :  
= +C.02% ( 2 )  Thcs. . - 
5. D i g i t a l  Recoraer Er?or e5 
(1  ) Resolut ion (&16,384 counts  f u l l  s c a l e )  ------- &0.006% 
( 2 )  Short-  term s t a b i l j  t y  ( O r o m  prcrun c a l i b r a t i o n  
through run)  ................................ +0,05$ 
- 
(4) E l e c t r i c a l  no i se  (combined e f f e c t s  o f  e n t i r e  
system) ...................................... 4 . 1 0 %  
( 5 )  Conversion e r r o r  ............................. &0.05% 
(6) Thus, e5 =*0.13% 
6. Uncer ta in ty  
The uncer ta in ty  (UTC) i n  a t h e r m 0 ~ 0 ~ ~ l e  measurement involves  
el thlough e5  plus  t h e  u n c e r t a i n t y  (UcAL; i n  the  c a l i b r a t e  s t e p .  
I h e  uncer ta in ty  i n  t h e  c a l i b r a t e  s t e p  invo lves  e 3 ,  e4  and eg:  
UTC f o r  type  K (CR-AL) thermocouples f o r  t h e  range 10.0 t o  37.8% ( 5 0 % -  
t o  100°F): 
For range 37.8 t o  93. 3Oc ( 100 t o  200°F) : 
UTC = :(1.312 + (0.33)~ + ( 0 . 0 7 ) ~  + (0.0212 + (0 .13)2 + (0 .15)2]  112 
= +l.4% 
U n c e r t a i n t i e s  f o r  o t h e r  ranges  o f  type  K a r e  c e l c u l a t e d  the  same way and 
a r e  l i s t e d  below. 
C . CALCULATION PROGRAM UNCERTAINTIES 
There are t h r e e  e r r o r  s o u r c e s  i n  a n  I D A C  c a l c u l a t i o n  program: 
i n p u t  d a t a  exceeding  t h e  i n p u t  r ange  o f  t h e  program, r e s o l u t i o n  o f  t h e  
e n g i n e e r i n g  u n i t s  conve r s ion ,  and c a l c u l a t i o n  round-off e r r o r s .  The 
f i rs t  e r r o r  n e a r l y  a lways  shows as  a major  d i s c r e p a n c y  i n  t h e  c a l c u l a t e d  
d a t a .  The l a t t e r  two have a r e l a t i v e l y  small magnitude and a r e  i n h e r e n t  
i n  t h e  IDAC,  s o  w i l l  remain throughout  u s e  o f  t h e  program. 
I n  g e n e r a l ,  t h e r e  have been no problems wi th  t h e  c a l c u l a t i o n s  
i n  o t h e r  IDAC programs when t h e  r ange  o f  t h e  s o u r c c  d a t a  is w i t h i n  
t h e  g e n e r a l  range used f o r  t h e  program v e r i f i c a t i o n .  Problems may 
b e  found if t h e  r a n g e  of  t h e  s o u r c e  d a t a  is g r e a t l y  exceeded.  However, 
s u c h  e r r o r s  t y p i c a l l y  produce a c a l c u l a t e d  r e s u l t  t h a t  is obv ious ly  
i n c o r r e c t ,  s o  t h e r e  is r e l a t i v e l y  l i t t l e  chance  o f  o b t a i n i n g  i n v a l i d  
d a t a .  
Engineer ing  u n i t s  d a t a  d i s p l a y e d  f o r  t h e  s o u r c e  c h a n n e l s  are 
o b t a i n e d  by m u l t i p l y i n g  a d i g i t a l  v a l u e  p r o p o r t i o n a l  t o  t h e  p h y s i c a l  
q u a n t i t y  by a parameter  e q u i v a l e n t  (PE) v a l u e .  The d i & i t a l  v a l u e  is 
r e f e r r e d  t o  a s  "raw d a t a  , I t  and has  a r ange  o f  216,384 coun t s .  The PE 
t y p i c a l l y  has a v a l u e  i n  t h e  r ange  o f  4000 t o  10,000 c o u n t s .  If t h e  PE 
has  a r e l a t i v e l y  small magnitude,  t h e  e n g i n e e r i n g  u n i t s  v a l u e  d i s p l a y e d  
by t h e  IDAC w i l l  s t a y  a t  t h e  same v a l u e  w h i l e  t h e  raw d a t a  b i t s  a r e  
changed through a range o f  a t  l e a s t  s e v e r a l  b i t s .  T y p i c a l l y ,  t h e  raw 
d a t a  must change on t h e  o r d e r  o f  4 c o u n t s  b e f o r e  change w i l l  be shown 
in t h e  e n g i n e e r i n g  u n i t s  d a t a .  A small PE may r e , ~ i r e  a change o f  
o v e r  10 raw d a t a  c o u n t s  t o  cause  a change  i n  t h e  e n g i n e e r i n g  u n i t s  
d a t a .  The t y p i c a l  e n g i n e e r i n g  u n i t s  d a t a  have a r e s o l u t i o n  o f  4 d i g i t s ;  
t h i s  does  n o t  r e p r e s e n t  a s i g n i f i c a n t  e r r o r  f o r  r e a l - t i m e  d a t a .  However, 
t h i s  c h a r a c t e r i s t i c  w i l l  a f f e c t  t h e  c a l c u l a t e d  d a t a  s i n c e  s e v e r a l  s o u r c e  
c h a n n e l s  may a l l  have t h e i r  maximum r e s o l u t i o n  e r r o r s  a t  t h e  same time. 
The combined r e s o l u t i o n  e r r o r  is t h u s  p r e s e n t  i n  t h e  c a l c u l a t e d  d a t a .  
The round-off  e r r o r s  a r e  caused by t h e  l i m i t e d  word l e n g t h  o f  t h e  
IDAC. A l l  c a l c u l a t i o n s  are performed i n  a two-word format ;  one d e f i n e s  
t h e  magnitude and t h e  o t h e r  t h e  exponent .  The magnitude word has  16 b i t s ,  
s o  t h e  l e a s t  s i g n i f i c a n t  b i t  r e p r e s e n t s  0.006% o f  t h e  f u l l  s c a l e  v a l u e .  
Each o p e r a t i o n  o f  t h e  c a l c u l a t i o n  sequence can  t h u s  l o s e  0.006%. 
The a i r - f l o w  c a l c u l a t i o n  i n v o l v e s  about  30 o p e r a t i o n s ,  s o  t h e  round- 
o f f  e r r o r  can be on t h e  o r d e r  o f  0 .2%.  
To v e r i f y  t h e  c a l c u l a t i o n  program r e s u l t s ,  s o u r c e  channel  d a t a  was 
e n t e r e d  i n t o  IDAC,  r e a d  on t h e  v ideo  d i s p l a y ,  and logged .  A Texas 
I n s t r u m e n t s  SR51 c a l c u l a t o r  was used t o  c a l c u l a t e  t h e  a i r -  and fue l - f l ow 
r a t e s  from t h e  logged d a t a .  The c a l c u l a t o r  r e s u l t  was compared t o  t h e  
I D A C  r e s u l t  and t h e  d i f f e r e n c e  noted .  The maxim~nn pe rcen tage  d i f f e r e n c e  
o f  r e a d i n g  is, a i r  f l o w  0.54% and f u e l  f low 0.13%. Mul t ip ly ing  t h e  
p e r c e n t  d i f f e r e n c e  by 1.5 g i v e s  a  s a f e  u n c e r t a i n t y  number f o r  t h e  I D A C  
program c a l c u l a t i o n .  The r e s u l t s :  
Air f low = ~ 0 . 8 1 %  o f  r e a d i n g ;  f u e l  f low = *0.20% o f  r e a d i n g  
D. FUEL FLOW MEASUREMENTS 
1. Component E r r o r s  
F i g u r e  A-3 shows t h e  v a r i o u s  components o f  e r r o r  e l ,  *.*P e5 i n  
a t u r b i n e  flowmeter i n s t r u m e n t a t i o n  channel  from t h e  t r a n s d u c e r  t o  t h e  
d i g i t i z e d  t a p e  r e c o r d .  These e r r o r  components a r e  f i r s t  e v a l u a t e d  by 
e s t i m a t i n g  t h e  e l emen ta l  e r r o r s  making up each  component and then  combining 
them (where a p p r o p r i a t e )  by t h e  wsquare-root-of-  the-sum-of- the-squaresn  
technique .  
2. Environmental E r r o r s  el 
Magnetic c o i l  pickups ars r e c e p t i v e  t o  e x t e r n a l  a c  s i g n a l s .  Good 
i n s t r u m e n t a t i o n  s h i e l d i n g  and grounding t echn iques  v i r t u a l l y  e l i m i n a t e  
e x t e r n a l l y  induced s i g n a l s .  Thus, e l  is n i l .  
3 .  Actual  C a l i b r a t i o n  E r r o r s  e2  % 
The t u r b i n e  flowmeter used was c a l i b r a t e d  a t  t h e  Jet  P r o p ~ l s i o n  
Labora to ry  where t h e  o v e r a l l  c a l i b r a t i o n  u n c e r t a i n t y  is 1 .3%.  Thus, 
e2  = ~ 1 . 3 % .  
4.  E l e c t r i c a l  C a l i b r a t i o n  E r r o r s  e3 
The e l e c t r i c a l  c a l i b r a t i o n  i s  a known frequency s u b s t i t u t i o n  
and is no t  used i n  t h e  f low- ra t e  c a l c u l a t i o n ,  and t h e r e f o r e  i n t r o d u c e s  
no e r r o r  i n  t h e  measurement. Thus, e3  = 0 
5. E l e c t r i c a l  Shaping E r r o r s  e4 
The shaping  e l e c t r o n i c s  c s n v e r t  t h e  t r a n s d u c e r  o u t p u t  t o  a f a s t -  
r i s e - t i m e  p u l s e .  T h i s  i s  s t r a i g h t f o r w a r d  e l e c t r i c a l  p rocess  and t h e  
e r r o r  w i l l  be a s s u m ~ d  t o  be n i l .  Thus, e4 = n i l .  
TRANSMISSION DIGITAL 1 1 R 1-4 LINES RECORDER 
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F i g u r e  A-3. Typica l  Turbine  Flowmeter I n s t r u m e n t a t i o n  Channel 
A-9 
6. D i g i t a l  Recorder eg 
The t u r b i n e  flowmeter output  is recorded on t h e  IDAC period counters .  
The inheren t  u n c e r t a i n t y  o f  t h e  period measurement is ~0.20%. Thus, 
eg = ~0.20%. 
7.  Uncer ta in ty  
The u n c e r t a i n t y  (UF) i n  a t u r b i n e  flowmeter measurement involves  
e l  through e5: 
The u n c a r i a i n t y  ( U M F )  i n  the  mass fuel-f low measurement invo lves  t h e  
fue l -  flow measurement u n c e r t a i n t y  (UF) p l u s  the  fue l -  temperature measure- 
ment u n c e r t a i n t y  (UTC) p l u s  t h e  c a l c u l a t i o n  program u n c e r t a i n t y  (UCpF) : 
E . MASS AIR-FLOW MEASUREMENT 
1 .  Component Er ro r s  
Figure  A-4 shows t h e  v a r i o u s  components required t o  make tile mass 
a i r - f low measurement. The e r r o r  of  each component is combined by t h e  
"square-root-of-the sum-of-the-squares" technique t o  determine the  
u n c e r t a i n t y  f o r  t h i s  measurement. 
2. Laminar Flow Element E r r o r s  e l  
The laminar f low element (LFE) has no d i r e c t  ou t .  but  r e q u i r e s  
t h a t  t h r e e  measurements be taken on i t .  The manufactu:sr lists t h e  
LFE measurement uncer ta in ty  a t  20.50%. Thus, e l  = k0.509 
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Figure A-4. Mass Air-Flow Measurement 





( 1 )  PAMB, e2 = d . 3 9 %  




(3 )  PBO, e4 = ~ 0 . 3 9 %  
( 5 )  Mass a i r  flow ca lcu la t ion  program uncer ta in t ies  e6 = ~ 0 . 8 1 %  
4. Uncertainty 
The uncertaini ty  ( U M A )  i n  the mass air-flow measurement involves 
e l  through e6. 
F. MIXTURE R A T I O  (MR) AND EQUIVALENCE RATIO (ER)  CALCULATIONS 
The MH and ER ca l cu la t i an  uncertainty involves the mass fuel-flow 
uncer ta in i ty  ( U  1, mass air-flow uncertainty ( U M ) ,  and c a l c ~ l a t i o n  program 
uncertainty ( U C p  "f . In t h i s  case ,  the ca lcu la t ion  ,.?ogran involves only 
2 operat ions,  so the round-3ff e r ro r  is 0.012%. 
G . QUARTZ-CRYSTAL PRESSURE TRANSD;'I:PR MEASUREMENTS 
1 .  Component E r r o r s  
F igu re  A-5 shows t h e  v a r i o u s  compoilents o f  e r r o r  e l ,  * * * ,  e 8  i n  a 
q u a r t z - p i e z o e l e c t r i c  i n s t r u m e n t a t i o n  channe l  from the sensed  parameter  t o  
t h e  r e c o r d e r .  These e r r o r  components are first e v a l u a t e d  by e s t i m a t i n g  
t h e  element31 e r r o r s  making up each  companent and then  combined (where 
a p p r o p r i a t e ,  by t h e  s t a n d a r d  "square- root -of -  the-sum-of- the-squar3st1 
t e c h n i q u e .  
- 1 - - 
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F i g u r e  A-5.  Typica l  Q u a r t z - P i e z o e l e c t r i c  Type o f  I n s t r u m e n t a t i m  Channel 
2.  Tap and/or  Coupling E r r o r s  e l  
These c ~ n s i s t  o f  ampl i t ude  e r r o r  wnen t h e  n a t u r e  ( f r e q u e n c y ,  
a m p l i ~ u d e ,  waveshape) o f  t h e  f l u c t u a t i n g  components o f  t h e  measurements 
exceed t h e  res:onse c a p a b i l i t , i e s  o f  t h e  coup l ing /  tr; nsduce r  system. 
Q u a r t z - c r y s t a l  p r e s s u r e  t rans i r l lcers  sre h i g h - f r e q ~ e ~ ! c y  (500-kHz) s e n s o r s  
t h a t  are nc.*mally flush-mounted t o  e l i m i n a t e  t a p  and/ coup i ing  e r r o r s .  
T h e r e f o r e ,  e l  = n i l .  
3.  Environmental  E r r o r s  e2 
The r i g i d  s t r u c t u r e  o f  q u a r t z - c r y s t a l  p r e s s u r e  t~.ansd~tcer: ,  w i t h  
ar i n t e g r a l  campensat ing acceler*ometer  r educe  v i b r a t i o n  y t - n s i ~ l v i t y  
a , ~ d  s u p p r e s s  resona?ce  e f f e c t s .  
Transdl icers  i n  t h e  f lame a r r e s t e r  df o n a t i o n  p i p i n g  a r e  exposed 
t o  f lame and h e a t  f o r  mil l ise , :onds cs t h e  f lame movc r j  down t h e  p i p i n g .  
i 
- ; Heat r a d i a t i o n  absorbed by t h e  t r ansducer  is minimal due t o  t h e  s h o r t  
i d u r a t i o n  and is es t imated t o  be wi th in  5.6OC ( l o O ~ ) .  The manufac- 
fl t u r e r s  quoted temperature c o e f f i c i e n t  is 0.054%/OC (0.03%/OF) . Thus, 
. , e2 = ~ 0 . 3 0 % .  
-1 
v. 4. Actual C a l i b r a t i o n  Er ro r  e3 
I 
I The component e r r o r  e3 w i l l  be considered a s  t h e  e r r o r  i n  t h e  
. . 
parameter equ iva len t .  
( *  Cal iF , r  I .>r combined inaccuracy ( l i n e a r i t y ,  h y s t e r e s i s ,  
r e s o l ~ i ~ o n  , r e p e a t a b i l i t y )  ------------------- @ .20% 
(2, Quar tz -c rys ta l  p ressure  Transducers : 
L i n e a r i t y  (de te rmi ted  f o r  near  run l e v e l )  ---- dl 10% 
Temperature e f f e c t s  ( temperature assumed 
cons tan t  dur ing c a l i b r a t i o n )  ----------------- 33-l 10% 
Interconnect ing wir ing ( n e g l i g i b l e  c u r r e n t  
f low with high-impedance system) ------------- n i l  
ComSined h y s t e r e s i s  and r e p e a t a b i l i t y  -------- 0.25% 
E x c i t a t i o n  (shor t - term s t a b i l i t y  ------------ &O.lO% 
Readout (X-Y p l o t t e r  combined l i n e a r i t y ,  
h y s t e r s i s ,  r e s o l u t i o n ,  r e p e a t a b i l i t y )  -------- - +O .50% 
( 3 )  Thus, e 3 =  ~ 0 . 6 2 %  
5. E l e c t r i c a l  C a l i b r a t i o n  Er ro r  e4 
( 1 )  Repea tab i l i ty  ................................ ko. 10% 
( 2 )  Thus, e4 = ~ 0 . 1 0 %  
6.  E l e c t r i c a l  E x c i t a t i o n  Er ro r  eg 
(1 E x c i t a t i o n  s t a b i l i t y  ( from prerun e l e c t r i c a l  
c a l i b r a t i o n  through run)  ..................... ~ 0 . 1 0 %  
( 2 )  Thus, eg =&0.10% 
7. Amplifier S r r o r  eg 
(1 Amplifier  s t a b i l i t y  ( from prerun e l e c t r i c a l  
c a l i b r a t i o n  through run)  : 
( 2 )  Thus, e6 = k0.022 
8. Osci l lograph Recorder Er ro r  e7 
(1 Resolut ion [&lo. 16-cm (-c 4-in.) f u l l - s c a l e  
deflection] .................................. 
~ 0 . 5 0 %  
( 2 )  L i n e a r i t y  Ck10.16-cn ( 2 4 - i n . )  f u l l - s c a l e  
deflection] .................................. 
~ 2 . 0 0 %  
( 3 )  E l e c t r i c a l  n o i s e  (combined e f f e c t s  of e n t i r e  
system) ...................................... +0.10% 
- 
( 4 )  Thus, e7 =*2.1% 
9 .  FM Tape Recorder Er ro r  e8 
( 2 )  Short-term s t a b i l i t y  (from pressure  
c a l i b r a t i o n  through run)  ..................... - +O .05% 
( 3 )  E l e c t r i c a l  noise  (combined e f f e c t s  o f  e n t i r e  
system) ...................................... +P.10% 
( 4 )  F l u t t e r  ( ins tan taneous  t ape  speed e r r o r s )  ---- - +0.10% 
Thus, e8 = d . 5 3 %  
10. Uncer ta in ty  
The uncer ta in ty  (UqT) i n  a q~ ; z -c rys ta l  p ressure  t r ansducer  
measurement recorded on FM tape  ana dlayed back onto an o s c i l l o g r a p h  
invo lves  e l  through e8 p l u s  t h e  u n c e r t a i n t y  (UCAt) i n  t h e  c a l i b r a t i o n  
s t e p .  The uncer ta in ty  i n  the  c a l i b r a t . .  s t e p  involves  e 4 ,  e g ,  e 7 ,  and e 8 :  
A-I 4 
The u n c e r t a i n t y  (UOG) i n  a q u a r t z - c r y s t a l  p ressure  t r ansducer  
measurement recorded d i r e c t l y  onto  an o s c i l l o g r a p h  invo lves  el through 
e7  p l u s  t h e  u n c e r t a i n t y  (UCAL) in  t h e  c a l i b r a t i o n  s t e p .  The u n c e r t a i n t y  
i n  t h e  c a l i b r a t e  s t e p  invo lves  e4 ,  e 6 ,  and e7: 
H. QUARTZ-CRYSTAL PRESSURE TRANSDUCER RISE-TIME RESPONSE 
1 . Component L imi ta t ions  
Figure A-6 shows t h e  va r ious  components f o r  a q u a r t z - p i e z o e l e c t r i c  
ins t rumenta t ion  channel t h a t  l i m i t  t h e  r i se - t ime  response.  These components 
a r e  f i r s t  eva lua t ion  i n d i v i d u a l l y  f o r  r i se- t ime l i m i t i n g  c h a r a c t e r i s t i c s ;  
t h e  lowest  response component(s) i n  t h e  systsm determines t h e  maximum 
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2. Tap and/or Rise-Time Response L i m i t a t i o n s  rl 
These c o n s i s t  o f  amplf tude damping, waveshape d i s t o r t i o n  o r  f r e -  
quency f i l t e r i n g  when the  n a t u r e  of t h e  f l u c t u a t i o n  components o f  t h e  
measurement exceed t h e  response  c a p a b i l i t i e s  o f  t h e  coup l ing / t r ansducer  
system. Quar tz -c rys ta l  p ressure  t r ansducers  a r e  f a s t  r i se - t ime ,  high- 
frequency (500-kHz) s e n s o r s  t h a t  are normally flush-mounted t o  e l i m i n a t e  
t a p  and/or coupling e r r o r s .  Therefore ,  rl < 1 - p s  rise time. 
3. Transducer In-Line Amplifier  Rise-Time L i m i t a t i o n s  r 2  
The manufac tu re r l s  quoted r i se - t ime  response  f o r  a q u a r t z - c r y s t a l  
p ressure  t r ansducer ,  i n - l i n e  a m p l i f i e r  system is 1 p s .  Thus, r 2  is 1-ps 
rise time. 
4. Transmission Line Rise-Time L i m i t a t i o n s  r3 
A l l  c o a x i a l  l i n e s  a r e  used. Thus, r3 is n e g l i g i b l e .  
5. Amplifier  Rise-Time L imi ta t ions  r 4  
The manufacturer ' s  quoted r i se - t ime  response  is 2.5 p s .  Thus, 
r 4  is 2.5 p s rise time. 
6. FM Tape Recorder Rise-Time L i m i t a t i o n s  r5 
When frequency d a t a  and/or r i se - t ime  response  d a t a  is requ i red  
f o r  a test,  t h e  d a t a  is recorded at maximum F?4 t a p e  recorder  speed.  
If more than 13 channels  o f  d a t a  a r e  r e q u i r e d ,  two t ape  recorders  a r e  
used and they have d i f f e r e n t  c a p a b i l i t i e s  : 
Parameter Recorder No. 1 Recorder No. 2 
(Ampex FR 3020) (Ampex PR 2200 
Tape speed,  c d s  ( i p s )  304.8 (120) 
Bandwidth, kHz (2 1 /2 dB) DC t o  80 
Rise Time, p s  3.5 
F l u t t e r ,  % 0.13 
Dynamic Skew, p s  0.2 
Dynamic skew is t h e  r e l a t i v e  t ime displacement o f  an event  recorded 
s imul taneously  on any two ad jacen t  t r a c k s  wi th in  t h e  same head s t a c k  as 
observed on playback. The dynamic skew o f  t h e  r e c o r d e r s  can be accounted 
f o r  by simultaneously record ing  a square  wave on a l l  t a p e  channels  and 
making note o f  t h e  t ime displacement between a l l  channels .  
A technique used t o  improve t h e  t ime r e s o l u t i o n  between s t e p  f u n c t i o n s  
on d i f f e r e n t  t ape  t r a c k s  is to t ime expand the  playback by dec reas ing  
t h e  t ape  speed. A one-step speed reduc t ion  [ from 304.8 t o  152.4 an/$ 
(120 t o  60 i p s ) ]  reduces  t h e  recorded f r e q w n c y  ou tpu t  by 1/2  and i n c r e a s e s  
t h e  t ime r e s o l u t i o n  by a f a c t o r  o f  2. Th i s  is very  u s e f u l  when playing 
back onto an o s c i l l o g r a p h  recorder  whose galvanometers have a l i m i t e d  
frequency and r i se - t ime  response.  
7. Osci l lograph Recorder Frequency L i m i t a t i o n s  r 6  
The response l i m i t a t i o n s  a r e  dependent on t h e  type o f  galvanometer 







Response, p s  
8. Resu l t s  
The quar tz -c rys ta l  p ressure  t r ansducer  system response l i m i t  when 
recorded d i r e c t l y  on t h e  o s c i l l o g r a p h  is: 
757-ps r i s e  t ime response 
When recorded on FM tape  and playback wi th  a time expansion o f  32 
onto  the  o s c i l l o g r a p h ,  t h e  response l i m i t s  a r e :  
3.5-ps r i s e  time on t ape  recorder  No. 1 
7 .O-ps r i s e  t ime on t ape  recorder  No. 2 
I .  PHOTODETECTOR RISE-TIME LIMITATIONS 
1 . Component L i m i t a t i o n s  
Flgure A-7 shows t h e  va r ious  cmponen t s  o f  a photodetect ion system 
t h a t  l i m i t  t he  r i se - t ime  response.  These components a r e  f i r s t  evaluated 
i n d i v i d u a l l y  f o r  r i se - t ime  response l i m i t i n g  c h a r a c t e r i s t i c s ;  t h e  lowest  
response components i n  the  system determine t h e  maximum r i se - t ime  response  
c a p a b i l i t y  of the  system. 





2.  Tap and/or Coupling Rise-Time Limitations r l  
With photodetectors, the tap or coupling may decrease the photo 
intensity and affect  the spectral  response. These character is t ics  
may resu l t  in lower output amplitudes, but have minimum effect  on r ise-  
time response. However, the f ie ld  of vision,  reflect ions,  flame-front 
character is t ics ,  and flame speed w i l l  a f fec t  rise-time response. These 
character is t ics  are unknown and indeterminate a t  t h i s  time. Therefore, 
r l  is indeterminate, and the rise-time l imitat ion analysis w i l l  begin 
w i t h  r2. 
3. Photovoltaic Rise-Time Limitations r2 





4. Multiplier Phototubes Rise-Time Limitations r2 
OSCILLO- 






The manufacturer's quoted rise-time response is 0.05 pa.  
r6 













6.  Results 
The photodetector system response is  limited by the rise-time 
response l imitat ions of the recorders. Therefore, for real- time record- 
ings, the l i m i t  is the 757-ps rise-time response of the oscillograph. 
For time-expanded data recorded on FM tape and played out onto 
an oscillograph, the l i n i t s  are: 
Rise-Time Response, ps 
Time 
Expansion Tape No. 1 Tape No. 2 
I'XECEDING PAGE BLANK NOT FILMED 
APPENDIX B 
TEST CONFIGURATION LOG 
Configu- 
r a t i o n  Test 
No. No. Desc r ip t ion  
122 1432 (A-D) 
1433 (A,B) 
The f irst  e igh teen  test c o n f i g u r a t i o n s  were 
evolved dur ing the  f a c i l i t y  check-out t e s t s  
designed t o  produce a  s t a b l e  de tona t ion  wi th  
propane and a i r  mixtures .  They covered the  
development o f  the  hydrogen-air-spark i g n i t e r ,  
t h e  fuel-and-air-mixture sampling procedure,  
the  inc rease  i n  pipe run-up l eng th  from 8.9 
t o  31.5-01 (25.5 t o  103.5-f t ) ,  t h e  changes 
i n  propane f u e l  from chemically pure t o  
commercial g r a d e ,  and the  eventual  a d d i t  ion  
of t h e  expanded metal l i n e r s  t o  produce 
turbulence  i n  t h e  fuel-and-air  mixture 
burning i n  t h e  run-up piping.  
Th i s  c o n f i g u r a t i o n  was s i m i l a r  t o  t h a t  
shown i n  Figure  3-1. The only d i f f e r e n c e  
was t h a t  two 4.6-m (15.0-f t )  s e c t i o n s  o f  
t u r b u l e n t  l i n e r s  were i n s t a l l e d  a t  t h i s  
t ime.  The o r i f i c e  p l a t e  was not  i n s t a l l e d .  
The o r i f i c e  p l a t e  was i n s t a l l e d  a t  the  
o u t l e t  of  the  ex tens ion  Sec t ion  No. 11. 
The t h i r d  t u r b u l e n t  l i n e r  was added t o  the  
remaining 4 . 6 4  (15.0-f t )  S e c t i o n  No. 5, 
making the  t o t a l  run-up l eng th  of l i n e d  
piping 13.7-m (45 .0 - f t ) .  
I n s t a l l e d  o r i f i c e  p l a t e  a t  t h e  e x i t  of  t h e  
v e r i f i c a t i o n  s e c t i o n s ;  t h a t  is, between 
Sec t ions  No. 8  and No. 9.  
Changed f u e l  i n  t h e  t e s t  supply t ank  from 
commercial grade propane t o  Indolene HO I11 
c l e a r  g a s o l i n e .  Removed the  o r i f i c e  p l a t e .  
I n s t a l l e d  t h e  o r i f i c e  p l a t e  between Sec t ions  
No. 8 and No. 9.  
Removed t h e  3.1-m (10.0-f t )  t e s t  Sec t ion  No. 9 
and i n s t a l l e d  the  two pipe t e e s  and i n - l i n e  
rupture-disc  t e s t  assembly a s  shown i n  Figure  
8-1 . Two 4 1 3 7 - k ~ / m ~  (600-psid) pressure-ra ted  
r u p t u r e  d i s c s  were i n s t a l l e d .  O r i f i c e  p l a t e  
was i n s t a l l e d  a t  en t rance  t o  wi tness  Sec t ion  
No. 10. 
Configu- 
r a t i o n  T e s t  
No. No. D e s c r i p t i o n  
125 1434 (B) Rupture d i s c s  w i th  2 0 6 8 - k ~ / m ~  (300-psid 
p r e s s u r e  r a t i n g  were i n s t a l l e d .  
126 1434 (C) Rupture d i s c s  w i th  690-kN/m2 ( 100-psid)  
p r e s s u r e  r a t i n g  were i n s t a l l e d .  
127 1434 (Dl Rupture d i s c s  w i t h  345-kN/m2 (50-ps id)  
p r e s s u r e  r a t i n g  were i n s t a l l e d .  
128 1435 ( A )  Rearranged t h e  upstream p ipe  t e e  and r e p l a c e d  
t h e  downstream p ipe  tee wi th  a p ipe  elbow as 
shown i n  F i g u r e  8-3. I n s t a l l e d  a r u p t u r e  d i s c  
w i t h  41 37-kN/m2 (600-psid ) p r e s s u r e  r a t i n g .  
O r i f i c e  p l a t e  remained a t  t h e  e n t r a n c e  t o  
w i t n e s s  S e c t i o n  No. 10. 
1435 (B) Rupture d i s c  w i t h  2068-kN/m2 (300-psid 1 
p r e s s u r e  r a t i n g  was i n s t a l l e d .  
1435 (C) Rupture d i s c  w i t h  6 9 0 - k ~ / m ~  ( 100-psid)  
p r e s s u r e  r a t i n g  was i n s t a l l e d .  
1435 (D) Rupture d i s c  w i th  345-k~/m* (50-ps id)  
p r e s s u r e  r a t i n g  was i n s t a l l e d .  
1436 (A-E) Removed t h e  o r i f i c e  p l a t e  from t h e  e n t r a n c e  
1437 ( A )  t o  S e c t i o n  No. 10 and i n ~ t , : ~ l l e d  t h e  30.5- 
t o  15.2-cm (12-to 6-in.-) d iameter  p ipe  r e d u c e r  
assembly c o n t a i n i n g  t h e  Shand and J u r s  a r r e s t e r  
as shown i n  F i g u r e  8-6. I n s t a l l e d  a r u p t u r e  
d i s c  w i th  6 9 0 - k ~ / m ~  ( 100-psid)  p r e s s u r e  r a t i n g .  
Rupture d i s c  w i th  1379-kN/m2 (200-psid)  p r e s s u r e  
r a t i n g  was i n s t a l l e d .  
Rupture d i s c  w i th  2068-kN/m2 (300-psid 1 
p r e s s u r e  r a t i n g  was i n s t a l l e d .  
Rupture d i s c  w i th  4137-kN/m2 (600-ps id)  
p r e s s u r e  r a t i n g  was i n s t a l l e d .  
Removed t h e  Shand hnd J u r s  a r r e s t e r  and bo l t ed  
t h e  30.5-cm- (12-in .-1 diameter  f l a n g e s  back 
t o g e t h e r  wi th  o n l y  a g a s k e t  s e a l .  Rupture 
d i s c  wi th  41 3 7 - k ~ / m ~  (600-psid)  p r e s s u r e  
r a t i n g  i n s t a l l e d .  
Configu- 
rat ion Test 
No. No. Description 
137 1438 (A-Dl Replaced the 30.5- t o  15.2-cm- (12- to 6-in.-) 
diameter pipe reducer assembly wi th  a 25.4- 
to 15.2-cm- (10- to  6-in.-) diameter pipe 
reducer assembly containing the Amal ar res ter  
as shown in Figure 8-10. Instal led a rupture 
disc wi th  a 690-k~/rn2 (100-psid) rat ing.  
NOTE: The rupture-disc pressure rat ing was 690 k ~ / r n ~  (100-psid) 
on a l l  subsequent t e s t  assemblies unless otherwise noted. 
138 1439 (A-C) Replaced the Amal arres ter  w i t h  the Whessoe 
80-grade foamed metal ar res ter .  
139 1439 ( D )  Replaced the Whessoe 80-grade w i t h  a 45-grade 
foamed I ? t a l  ar res ter .  
140 1440 (A-h) Replaced the 25.4- to 15.2-cm- (10- to 16-in.-) 
diameter pipe reducer assembly w i t h  the water- 
trap arres ter  assembly as shown in Figure 8-15. 
141 1440 (F) Removed a l l  the water from the water-trap 
arres ter .  
142 1441 (A-E) Reversed the water-trap i n l e t  and exi t  ports 
and instal led the vertical-packed bed of 
aluminum Ballast rings ar res ter  as shown 
in Figure 8-18. 
143 1442 (A-El Replaced the vertical-packed bed arrest \ r  
1433 ( C )  w i th  the Linde hydraulic back-pressure valve 
arres ter  as shown in Figure 8-21. 
144 1442 (F) Removed a l l  the water from the Linde arre: 'er . 
145 1444 (A-B) Reversed a l l  the detonation t es t  piping from 
the in le t  pipe tee Section No. 0 to the ex i t  
extension Section No. 11 to  arrange the down- 
stream ignition t es t  assembly. The Linde 
arres ter  was i r~s ta l l ed  i n  the normal flow- 
through direction. Orifice plate was ins ta l led  
a t  exi t  of Section No. 11 .  
146 1444 ( C )  Reversed hydrogen-air-spark igni ter  orienta- 
t ion by 180 degrees. 
147 1444 (Dl Removed a l l  water from the Linde arres ter .  
Con f i g  u- 
r a t i o n  Test  
No. No. Descr ip t ion 
1460 (A-F) 
1461 (A-I) 
Interchanged i g n i t i o n  Sec t ion  No. 1 wi th  
s t a b i l i z e r  Sec t ion  No. 2 and i n s t a l l e d  the  
o r i f i c e  p l a t e  between Sec t ions  No. 1 and 
No. 2. a s  shown i n  Figure  9-1. R e f i l l e d  
t h e  Linde a r r e s t e r  with water up t o  t h e  
gaging p o r t  . 
Replaced t h e  Linde a r r e s t e r  with t h e  water- 
t r a p  a r r e s t e r  and f i l l e d  with water t o  the  
gaging p o r t .  
Removed the  water- t r a p  a r r e s t e r  and reassembled 
a l l  the  de tona t ion  t e s t  piping back t o  t h e  
upstream i g n i t i o n  arrangement so  t h a t  i t  was 
i d e n t i c a l  t o  Configuration No. 121. Replaced 
t h e  g a s o l i n e  i n  the  t e s t  f u e l  supply  t ank  
with chemically pure ( CP ) propylene . 
Various l e n g t h s  of  both l i n e d  and unlined 
piping were used dur ing the  unsuccessful  
measurement o f  a i r - f low pressure  l c - a  t o  
determine pipe-wall f r i c t i o n  f a c t o r .  
Removed the  t u r b u l e n t  l i n e r  from Sec t ion  No. 5 
and c u t  it i n f o  required l e n g t h s  f o r  i n s t a l l a -  
t i o n  i n t o  S e c t i o n s  No. 7 ,  No. 8 ,  and No. 10. 
Provided ins t rumenta t ion p o r t s  i n  the  l i n e r s  
s o  t h a t  the  p o r t s  were co inc iden t  with the  
flame sensor  and p ressure  sensor  l o c a t i o n s  
i n  these  s e c t i o n s .  Reassembled a l l  s e c t i o n s  
i n  the  following order :  No. 1 ,  No. 2 ,  No. 3 ,  
No. 4,  No. 7 ,  No. 8, No. 10, No. 6 ,  No. 5 ,  
o r i f  i c e  p l a t e ,  No. 9 ,  and No. 1 1 . Remaved 
t h e  CP propylene from the  f u e l  supply t ank  
and replaced it with g a s o l i n e .  
Removed the  t u r b u l e n t  l i n e r  from Sec t ion  No. 4 ,  
c u t  it i n t o  requ i red  l e n g t h ,  and i n s t a l l e d  it 
i n t o  Sec t ion  No. 6. Re ins ta l l ed  Sec t ion  No. 6 
between Sec t ions  No. 3 and Sec t ion  No. 7. Re- 
i n s t a l l e d  S e c t i o n  No. 4 between S e c t i o n s  No. 10 
and No. 5 a s  shown i n  Figure 11-1. 
Sec t ion  No. 10 l i n e r  broke loose  and jammed 
up i n t o  Sec t ion  No. 8.  The damaged l i n e r  was 
removed from Sec t ion  No. 8 and a new l i n e r  
i n s t a l l e d  i n t o  Sec t ion  No. 10. 
Configu- 
r a t i o n  Tes t  
No. No. Descr ip t ion 
168 1462 Various l e n g t h s  o f  both l i n e d  :i.ld unl ined 
t o  t o  p iping were used during the  s u c c e s s f u l  measure- 
175 1469 ment of  a i r - f low pressure  l c s s  t o  determine 
pipe-wall f r i c t i o n  f a c t o r .  
. 
176 1470 (A-C) Rear,sembled t h e  d e t c .  a t ior .  ,,$eat :shock-tube 
p ip ing  t o  the upstream ig~&$i ,on ' conf igura t ion  
shown i n  Figure 3-1. Two'aew expanded metal  
tube  l i n e r s  were i n s t a m e d  i n t o  the  run-up 
Sec t ions  No. 4 and N6.- 5. The l i n e r s  were 
removed from the  v e r i f i c a t i o n  S e c t i o n s  No. 6 ,  
No. 7 ,  and No. 8 alrd the  wi tness  Sec t ion  No. 10. 
I n s t a l l e d  the  30.5-to 15.2-cm- (12- t o  6-in.-) 
diameter pipe reducer assembly i n t o  the  t e s t  
S t a t i o n  No. 9 a s  shown i n  the  a r r e s t e r  t e s t  assembly, 
Figure  8-6. A 30.5-cm- (12-in.-) diameter by 
15.2-cm- (6-in.-)  long Shand and J u r s  s p i r a l -  
wocrnd, crimped s t a i n l e s s - s t e e l  r ibbon core  element 
was i n s t a l l e d  i n t o  the  a r r e s t e r  assembly. Replzced 
the  two high-pressure quar tz -c rys ta l - type  p ressure  
t r ansducems  i n  t h e  wi tness  Sec t ion  No. 10 (PI01 
and PI 04) wi th  two lower..;.ange bonded s t r a i n -  
gage- type p ressure  t r ansducers .  
177 1471 (A ,B)  I n s t a l l e d  the  two high-pressure quar tz -c rys ta l -  
type  p ressure  t r ansducers  i n t o  v e r i f i c a t i o n  
S e c t i a n  No. 7 (P71 and P72).  
178 14',- (A-F) Replaced the a r r e s t e r  co re  element with a 
30.5-cm- (12-in.-) d iameter  by 20.3-cm- (&in. - )  
long spiral-wound, crimped s t a i n l e s s - s t e e l  r ibbon 
core  element and high-pressure housing. 
179 1473 (A-F) Replaced the  a r r e s t e r  co re  element with a 
30.5-cm- (12-in.-) diameter by 30.5-cm- (12-in.-)  
long spiral-wound, crimped s t a i n l e s s - s t e e l  
r ibbon core  element and high-pressure housing. 
Rearranged the  t e s t  assembly i n l e t  pipe 
t e e  t o  an in - l ine  p o s i t i o n  with the  branch 
l i n e  con ta in ing  the  rupture-disc  aasembiy 
d i r e c t e d  v e r t i c a l l y  up and e l iminated t h e  
i n l e t  p ip i  elbow a s  shown i n  Figure  11-7. 
Re ins ta l i ed  the  Snand and J u r s  a r r e s c e r  t e s t  
assembly con ta in ing  the  30.5-cm- (1 2-in. - )  
diameter  by 20.3-cm- (8-in.-)  long core  element. 
B-6 ORIGINAL PAGE IS 
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Con f ig u- 
r a t i o n  Teat  
No. No. 
-- - - 
Descr ipt ion 
1474 (B) Rupture d l  sc with 2068-kN/m2 (300-psid) 
p ressure  r a t i n g  i n s t a l l e d .  
1474 (2) Rupture d i s c  wi th  4 1 37-kN/m2 (600-psid 
p ressure  r a t i n g  i n s t a l l e d .  
1474 (D-F) Replaced t h e  rupture-disc  assembly c? t h e  
i n l e t  pipe tee of t h e  t e s t  amernbly u i t h  





1475 (A-F) Removed t h e  Shand and J u r s  a r r e s t e r  t e s t  
assembly and i n s t a l l e d  t h e  v e r t i c a l  bed of 
B a l l a s t  r i n g s  a r r e s t e r  test assembly as shown 
i n  Figure  8-18. Bed s i z e  is 43.2-cm (:7-in.) 
i n  diameter by 67.5-cm (25-in.)  i n  depth  contain- 
i n g  2.54-cm- ( I  .O-in.-) diameter by 2.54-cm- 
(1.0-in.-) long aluminum B a l l a s t  r i n g s .  Bed 
depth c o n t r o l l e d  by s p e c i a l  spacers  between 
lower end upper g r i d s  and between upper g r i d  
and dome cover. 
Aluminum B a l l a s t  r i n g  s i z e  was 2.54-cm (1.0 i n . )  i n  diameter by 
2.54-cm (1.0 in.) i n  l e n g t h  on a l l  subsequent t e s t  assemblies  
u n l e s s  o therwise  noted. 
1476 (A-E) Changed bed s i z e  t o  43.2-cm (17 i n . )  i n  diameter 
by 45.7-an (18 i n . )  i n  depth ,  con ta in ing  new 
Ballast r i n g s .  
1477 (A-E) Changed bed s i z e  t o  43.2 cm ( I ?  i n . )  ir. d ia-  
meter by 22.9 cm (9 i n . )  i n  depth con ta in ing  
new B a l l a s t  r i n g s .  
1478 (A-D) Changed bed s i z e  t o  43.2 cm (17 i n . )  i n  d ia -  
meter by 63.5 cm (25 i n . )  i n  depth conta ining 
new 3.81-cm- (1.5-in.-) diameter by 3.81-cm- 
(1.5-in.-) long aluminum B a l l a s t  r i n g s .  
1479 (A-C)  Replaced t h e  bed with new 5.08-cm-(2.0 in . - )  
diameter by 5.08-cm- (2.0-in .-) long aluminum 
B a l l a s t  r i n g s .  
1480 (A-F) I n s t a l l e d  c y l i n d r i c a l  i n s e r t  t o  change bed 
s i z e  t o  33.7 cm (13.25 i n . )  in  diameter by 
63.4 cm (25 i n . )  i n  depth  conta ining new 
B a l l a s t  r i n g s .  
Configu- 
r a t i o n  Test  
No. No. Descr ipt ion 
190 1481 (A-F) Changed bed s i z e  t o  30.5 cm (12 in . )  i n  d iameter  
by 63.5 cm (25 in . )  i r ~  depth  con ta in ing  new 
B a l l a s t  r ings .  
191 1482 (A-H) Changed bed s i z e  t o  25.4 cm (10 i n . )  i n  diameter 
by 63.5 cm (25 in . )  i n  depth  conta ining new 
B a l l a s t  r i n g s .  
1 92 1483 ( A )  Changed bed s i z e  t o  25.4 cm (10 i n . )  i n  diameter 
by 45.7 cm (18 in.)  i n  depth con ta in ing  new 
B a l l a s t  r ings .  
193 1483 (B) Rupture d i s c  with 2 9 6 8 - k ~ / m ~  (300-psid) p ressure  
r a t i n g  i n s t a l l e d  on i n l e t  p ipe  t e e .  
194 1483 ( C >  Rupture d i s c  with 41 3 7 - k ~ / m ~  (600-psid) 
p ressure  r a t i n g  i n s t a l l e d  on i n l e t  pipe 
t e e .  
195 1483 (D-F) Replaced t h e  rupture-disc  assembly on the  
i n l e t  pipe t e e  with a b l ind  fi?nge.  
196 1484 (A-D) Modified t h e  detonat ion t e s t  p iping i n s t a l l a t i o n  
f o r  continuous flow as shown i n  Figure  14-2. 
Replaced t h e  15.2-cm- (6-in.-) diameter flow 
s t r a i g h t e n e r  a t  t h e  e x i t  o f  t h e  i n l e t  pipe 
t e e  Sect ion No. 0 with t h e  25.4- t o  15.2-cm- 
(10- t o  6-in.-) diameter f langed pipe reducer 
a r r e s t e r  assembly conta ining a 25.4-cm- ( 10-in. - j 
diameter by 15.2-cm- (6-in.-) long Shand and 
J u r s  spiral-wound , crimped aluminum ribbon core  
element mounted i n  a high-pressure housing. 
The instrumentea v e r i f i c a t i o n  Sect ion NG. 6 
was replaced by t h e  extension Sec t ion  No. 11. 
The v e r t i c a l  bed arrester assembly remained 
i n s t a l l e d  i n  test Sect ion No. 9 wi th  a b l ind  
f l ange  on t h e  i n l e t  pipe t e e .  The bed s i z e  
remained a t  25.4 cm (10 i n .  i n  diameter by 
45.7 cm (18 i n . )  i n  depth  conta ining new 
B a l l a s t  r i n g s .  Two flanged 15.2-cm- (6-in.-) 
diameter standard pipe extension Sec t ions  
No. 12 and No. 13, each 6.8 -m (22.4-f t )  
long,  were i n s t a l l e d  a t  t h e  e x i t  c f  t h e  wi tness  
Sec t ion  No. 10, downstream of t h e  gas  sample 
rake.  The instrumented v e r i f i c a t i o n  Sec t ion  
No. 6 was reversed 180 degrees  and i n s t a l l e d  
a t  t h e  e x i t  o f  extension Sect ion No. 13. I n  
revers ing  Sect ion No. 6 ,  ins t rument  p o r t s  
Conf i g  u- 
r a t i o n  T e s t  
No. No. Desc r ip t ion  
F63 and P63 a r e  now upstream o f  ins t rument  
p o r t s  F62 and P62. This  change provided 
b e t t e r  p r o t e c t i o n  o f  t h e  flame sensors  
from ambient l i g h t  a t  t h e  pipe e x i t .  
197 1485 (A-D) Replaced t h e  bed with new B a l l a s t  r i n g s .  
198 1486 (A-D) Replaced the  v e r t i c a l  bed a r r e s t e r  t e s t  assembly 
wi th  t h e  Shand and J u r s  30.5-cm- (12-in.-) d i -  
ameter by 20.3-cm-(8-in.-) long spiral-wound, 
crimpled s t a i n l e s s - s t e e l  r ibbon a r r e s t e r  test 
assembly using t h e  i n l i n e  pipe t e e  connection 
with t h e  rcp tu re -d i sc  assembly replaced by a 
b l ind  f l a n g e  i n  a c o n f i g u r a t i o n  i d e n t i c a l  t o  
No. 183. 
199 1487 (A-D) Removed the  Shand and J u r s  a r r e s t e r  assembly 
t o  s t r a i g h t e n  and r e p a i r  cracked welds i n  
t h e  downstream r e t a i n e r  g r i d  r i n g .  Reversed 
the  upstream and downstream r e t a i n e r  g r i d  
r i n g s  and r e i n s t a l l e d  the  Shand and J u r s  
a r r e s t e r  t e s t  assembly. 
Removed the  Shand and J u r s  a r r e s t a r  assembly 
and bol ted  t h e  30.5-cm- (12-in.-) diameter 
f l anges  toge the r  without an a r r e s t e r .  
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APPENDIX C 
T*BuLAR S U M R y  OF STEADY-STATE MEASURED A I R  
AND FmL SYSTEM TEST CONDITIONS 
'VA v . ~ l u e s  given i n  parentheses are  the  a i r  €10" ,re loc i t ies  a t  the time DPA measurements were 
bT!.e dash s i g n i f i e s  rhe lack of an event.  
I FOLDOUT FRAME 
urements were taken. Flow ve loc i ty  a t  the time of ignit ion was zero. 
a The dash s i g n i f i e s  the lack of an e v e n t .  

a VA values given i n  parentheses are the a i r  flow v e l o c i t i e s  a t  the time DPA measurements were taken. 
b ~ h e  dash s i g n i f i o s  the lack of an event. 
1 FOLDOUT FRAME 
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asurements were taken. Flow velocity at the time of ignition was zero. 
values given i n  parentheses are the a i r  f low v e l o c i t i e s  a t  the time DPA measureme 
b ~ h e  dash s i g n i f i e s  the lack of an event. 
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rents were taken. Flow velocity a t  the time of ignition was zero. 
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APPENDIX D 
TABULAR SUMMARY OF TRANSIENT STATE MEASURED 
FLAME VELOCITY AND PEAK-PRESSURE TEST DATA 
a 
Not avai lable .  
I l!'OLbUU?. FRAME 
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Table D-1. Propane and Air Mixture Calibration Tests 
a ~ o t  available. 
E%CED~G HLANK NOT FLWD 
Table D - L .  Gasoline and Air Mixture Calibration Tests 
Tabla 
%ot available. 
b ~ h e  dash signifies the lack of an event. 
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Table D-3. Detonation Flame Arrester Evaluation Tests With Upstream Ignition Location 
Table D-3. Detonation ' 
a The dash s i g n i f i e s  the lack of an event. 
PRECEDING PAGE BLANK NOT FILMED 
j. Detonation Flame Arrester Evaluation Tests with Upstream Ignition Location (Continuation 1) 
T a b l e  D - 4 .  
to I Air flux press: re loti4 c a l i b r n t i o n  tests. I 
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Tl~e dash s i g n i f i e s  the lack of an event .  
Table 0-4. Detonation Flame Arrester Evaluation Tests With Downstream Ignition Location 
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Table D-5. Deflagration to Detonation Transition Location Tests 
a The dash s igni f ies  the lack of an event. 
b ~ o t  installed: pressure transducer removed. 
C Not available. 
. -. 
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Table 11-6. Detonation Flame Arrester Parametric Tests 
a The d a s h  s i g n i f i e s  t h e  l a c k  o f  an  e v e n t .  
b ~ o t  i n s t a l l e d :  p r e s s u r e  t r a n s d u c e r  removed. 
' ~ o t  avai1abl .e .  
I FOLDOUT FKAM& 
Table D-6. Detonation Flame 
a ~ h e  dash s i g n i f i e s  the lack of an event. 
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Table D-6. Detonation Flame Arrester Parametric Tests (continuation 2) 
a The dash signifies the lack of an event. 
b ~ o t  available. 
' ~ o t  installed: pressure transducer removed. 
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Table D-7. Detonation Flame Arrester Continuous Flow Test 
